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I Op een aantal terreinen der fundamentele en toegepaste biolo-
gische wetenschappen is dringend behoefte aan een volledige 
inventarisatie en kritische her-evaluatie van alle ter zake 
dienende informatie, teneinde tot een doelmatiger voortzet-
ting van het onderzoek te komen. 
II De mogelijkheden van mutatieveredeling bij vegetatief ver-
meerderde gewassen worden in hoge mate bepaald door de be-
schikking over een methode tot adventiefspruit-vorming aan 
afgesneden bladeren. 
C.Broertjes, B.Haccius & S.Veidlich. Euphytica 3J, 
(1968), 321-344. 
III Hussein's stelling dat 'In mutation breeding, more useful 
genetic variation can be obtained by chemical mutagens than 
by ionizing radiations' is een onjuiste general!satie. 
H.A.S.Hussein. Theorem I, Wageningen, 11th October 1968. 
IY Selektie op hoge fertiliteit in de eerste generatie na zaad-
bestraling (Mj) is niet voor alle doeleinden aan te bevelen. 
M.Mesken & J.H.van der Veen. Euphytica 1J. (1968), 
363-370. 
V 'Reciprocal recurrent selection' is een efficiente methode 
voor de veredeling op bloemopbrengst en pyrethrinegehalte 
in Pyrethrum. 
VI Bij de mutatieveredeling van door zaad vermeerderde gewassen 
in de tropen liggen de belangrijkste perspektieven in het 
mogelijk maken van nieuwe produktiepatronen en in de verbete-
ring van kwaliteitseigenschappen. 
M.S.Swaminathan. Induced mutations in plants, IAEA/FAO, 
Vienna (1969), 719-734. 
VII Ontbossing heeft dusdanig ernstige en langdurige gevolgen 
voor de mensheid dat plaatselijke, nationale, en supra-
nationale instanties in onderlinge samenwerking alle midde-
len dienen aan te wenden tot rigoureuze handhaving, en waar 
nodig herstel, van het voor de waterbeheersing en de bodem-
bescherming benodigde bosbestand. 
VIII Toereikend inzicht in de proeftechniek en het samenwerken 
met ervaren ter zake kundigen bij de voorbereiding van proe-
ven zouden het rendement van het landbouwkundig onderzoek 
in Nederland met een waarde van verscheidene miljoenen 
guldens per jaar doen toenemen en het wetenschappelijke 
niveau van dit onderzoek ten goede komen. Verwezenlijking 
van dit doel vereist de spoedige instelling van een studie-
richting aan de Landbouwhogeschool, die de opleiding van 
landbouwkundig gevormde statistic! beoogt. 
IX Indien diverse maatregelen tot stimulering van geringe 
kinderaantallen in Nederland niet op korte termijn worden 
genomen en het gehoopte resultaat hebben, zal beperking der 
gezinsgrootte in de komende generatie onvermijdelijk ge-
schieden door dwang. 
X De mogelijkheden tot opleiding aan instellingen in de ont-
wikkelingslanden moeten worden uitgebreid, zo nodig ten 
koste van bedragen die beschikbaar zijn voor beurzen of 
studietoelagen voor opleiding in de ontwikkelde landen. 
R.B.CONTANT 
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1. GENERAL INTRODUCTION 
1.1. Motivation and aim 
Mutation induction is an increasingly important tool in the 
genetic improvement of cultivated cropS| especially of those with 
a long breeding-history; the breeder's aims are many and mutagenic 
treatment cannot yet be recommended for all applications. A thorough 
evaluation of the potentialities of mutation breeding in a given 
crop species is only possible by means of model selection and breed-
ing experiments, with material subjected to various mutagens and 
dose levels at different stages of ontogenesis. This requires, among 
other things, both standardised methods and growth conditions, and 
suitable biological criteria to assess the effects of mutagenic 
treatments. Such standardisation is impossible without knowledge 
of the responses of a species to various kinds of mutagens, in 
terms of survival, growth, development, fertility and mutability. 
Though these responses are qualitatively similar in diverse species 
of higher plants, their quantitative relationships may differ con-
siderably. This applies not only to the various kinds of damage at 
the cellular and subcellular levels but also to the macroscopic ma-
nifestations, which are greatly influenced by the anatomical and 
morphogenetical features of the species at all stages of develop-
ment. For this reason, radiobiological investigations cannot be 
restricted to those species that are methodologically the most 
suitable for resolving fundamental problems (e.g.barley^'' "' 5* 4 ', 
Vicia^52»193)f Tradescantia(59>n2,139,159,179)t ArabidO£sis(5,153) 
and species with a 1-locus garnetophytic self-incompatibility system 
), but must be extended to the crop species in which mutation 
breeding is to be practised. 
The choice of the tomato for the present study was based on 
its economic and nutritional importance and on the probability that 
mutation induction will be of substantial value to its future genetic 
improvement in both qualitative and quantitative traits'1*'5t36,110, 
123,188). 
The aim of this study was, in general terms, to contribute to 
the radiobiological and technical knowledge of the tomato needed 
to devise standardised methods and procedures of seed conditioning, 
irradiation and culturing; and to identify characters which may be 
used as early indicators of radiation effectiveness, with a view to 
obtaining reproducible results in mutation induction experiments. 
1.2. Material and variables 
For all experiments, use was made of cv. 'Moneymaker', which 
was, until recently, one of the most important tomato cultivars 
grown in the Netherlands. In one experiment, a second cultivar, 
'Glorie', was used for comparison. 
The present experiments, carried out in the years 1965-1967, 
were concerned only with the effects of acute fast neutron irra-
diation on both dry and germinating seeds. They were followed in 
1968-1969 by similar experiments in which the effects of fast neu-
trons were compared with those of high energy X-rays at different 
temperatures; the results of these will be published separately. 
The restriction of this programme to the effects of ionizing 
radiations on seeds was justified on the grounds that the action 
of chemical agents on the tomato has been studied extensively by 
othersv ' '» ' , and radiation effects on other ontogenetic 
stages have been the subject of complementary research programmes 
of the Association EDEATQM - i T A l / 5 5 , 4 6 , 4 7 , 4 8 , 4 9 \ one of which 
(33) 
involved a direct comparison with seedsx . 
Neutrons were chosen for the first series of experiments be-
cause their effects on dry seeds, in contrast to those of X- or ][-
rays, are little modified by external factors such as temperature, 
moisture content, oxygen availability during irradiation, the ad-
dition of S-H containing compounds and post-irradiation storage 
(27, 42, 56, 74, 78, 104, 132, 141, 142,145).
 T h i s f a o t l B a s c r i b e d 
to the high average density, and therefore the rapid interaction, 
of ions and radicals produced by neutrons^ ' ' ' ' '. As a 
result, this type of radiation is particularly suitable for study-
ing the effects of endogenous variables. 
Dry seeds are generally regarded as suitable material for radio-
biological experiments and for mutation breeding. Little is known, 
however, about the relative mutagenic efficiency of radiations on 
prehydrated seeds^ 4 ' and all detailed information available comes 
from experiments with X-rays^""'. Several studies, concerned only 
with characters of the irradiated generation, have shown important 
differences between X-rays and neutrons with regard to the changes 
in sensitivity during hydration^104'169). Therefore, the period of 
seed hydration/germination prior to irradiation was chosen as the 
main variable in the present experiments. 
The space and labour requirements of the tomato are consider-
able. Its relatively long life cycle, the need to pursue experiments 
up to the second generation (Mp) to obtain an indication of induced 
transmissible changes, and the large numbers of plants required per 
treatment imposed severe restrictions on the number of experiments, 
nevertheless, the suitability of various methods of culturing could 
be explored by performing the successive experiments under partially 
different conditions. 



















H£, H3, etc. 
estimate of regression coefficient 
concerning the integrity of the chromosomal struc-
ture 
cultivated variety (cultivar) 
degree(s) of freedom 
irradiation treatment (series) of dry seeds in ex-
periment i 
fast neutron dose (dose rate) expressed as krad 
(krad/h) in water 
radiation - : a measure of the amount of radiation 
passing through a material; the unit of dose is the 
rad 
dose reduction factor: factor "by which the radiation 
dose, expressed as DH20» required to produce a spe-
cified biological effect is reduced "by a given pre-
hydration/germination treatment, compared to dry 
seed irradiation 
dose, expressed as DH20» required to produce 50$ of 
the maximum possible effect on a given character 
mutagenic -: the rate of increase per unit dose in 
the frequency of recessive mutations in relation to 
other, usually detrimental, biological effects such 
as reduction in survival, growth or fertility(c^»144) 
- of radiation: the magnitude of the response of a 
given character per unit dose of radiation 
an elementary particle which is a common constitu-
ent of all atoms, having a mass of 9*1091 x 10~2Q 
gramme and unit negative electric charge 
4.18 x 10~7 calory 
electron volt: 1.6 x 10"^^ erg 
- plant: possessing ^ ,24 seeds in each of the 2 
trusses harvested {2 fruits per truss) 
concerning the hereditary material in an unspecified 
manner, i.e. genio or chromosomal 
concerning the genes, i.e. the DNA codons, but not 
the structure of the chromosomes 
protrusion of the radicle from the seedcoat 
tomato cv. 'Glorie* 
irradiation treatment (series) of prehydrated seeds 
in experiment i 
irradiation treatment (series) of seeds prehydrated 
for ^ - hour, 5 hours, etc. (exp.4 only) 
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if 3 
rad 
cell in the shoot or root meristem of an embryo or 
seedling at the time of irradiation which contri-
butes to the formation of an organ or tissue 
the liberation of an electron from an atom or mole-




linear energy transfer: the amount of energy depo-
sited by a traversing quant or particle in the ir-
radiated object per micron track length (keV/nm)j 
the biological adequacy of this concept is chal-
lenged in the most recent literature\*& * 65) "but 
no satisfactory alternatives are yet available 
as normal probability paper (see below) but with 
log x as abscissa 
(of the) irradiated generation 
(of the) selfed offspring of irradiated individuals 
tomato cv. 'Moneymaker1 
M2 individual carrying in homozygous condition a 
mutation with visible expression 
genetic change provoking, in the selfed offspring 
of an irradiated individual of an inbred line, a 
phenotypic segregation not readily distinguishable 
from that of a single gene 
number in a group or sample 
a nuclear particle having the approximate mass of a 
proton (mn = 1.6743 x 10~24 gramme) and being elec-
trically neutral 
a specially ruled graph paper with a variate x as 
abscissa and an ordinate y scaled in such a way 
that the graph of the distribution function* y , of 
the normal distribution, is a straight lineUOO) 
level of statistical significance 
a nuclear particle having the mass of a hydrogen 
nucleus (m_ = I.6725 x 10"24 gramme) and unit po-
sitive electric charge 
character giving an all-or-none response to a stimu-
lus 
sample correlation coefficient between characters 
i and j 
mean sample correlation coefficient, obtained after 
r,z transformation of individual r-values and back-
transformation 2,5 (64 ,table VIIj) 
a unit of radiation dose defined as the amount of 
radiation which leads to an absorption of 100 erg 














repair plus cell elimination and cell replacement, 
plus the diminution, in the course of growth and 
development, of the physiological consequences of 
damage to the early organs 
all processes leading to the elimination of radia-
tion injury at the intracellular level 
the joining of.chromosome fragments resulting from 
the same break'178) 
= recombination; the joining of chromosome fragments 
resulting from different breaks(178) 
primary root, unless otherwise stated 
estimated standard deviation 
that part of the dose/response curve corresponding 
to an absence of negative response 
sensitivity ratio: average effectiveness of fast 
neutrons on cv, 'Glorie' relative to cv. •Honey-
maker ' with regard to a given character 
hypocotyledon + stem up to the main shoot apex, un-
less otherwise stated 
112 seedlings of such low vigour that thejr are un-
suitable for recognising distinct mutant character-
istics j usually lethal at an early stage 
dose of radiation leading to a very high proportion 
of individuals with a permanently arrested or gross-
ly disturbed main shoot apex 
the highest radiation dose at which there is no 
detrimental effect on the character studied 
A different terminology has recently been suggested by Alper et al. 
(4 ) to overcome the confusion in the use of the terms 'recovery1 
and 'repair', but the new terminology is not yet in general use. 
7. 
3. IRRADIATION AND DOSIMETRY 
3«1» Introduction 
The interaction of fast neutrons with matter have been thorough-
ly described in most radiation physics textbooks^ ' '. Consequent-
ly, only those characteristics which are of fundamental importance 
for understanding the action of fast neutrons on biological material 
will be discussed} for further information reference may be made to 
Lea^112), Giles'74', Sparrow'171' and Barendsen^ 9 '. 
Fast neutrons, having, by definition, an energy >10 keV, inter-
act in tissue mainly by elastic collisions with C, H, N and 0 nuclei. 
In most biological material the reaction with H, which produces re-
coil protons of varying kinetic energy, accounts for as much as 
85-95$ of the total dose absorption^' '. The recoil protons have a 
very low penetration (e.g.,600 keY protons travel only 15 microns 
in tissue having a specific density of 1.0) but on their path pro-
duce a dense track of ionisation, caused by ejections of electrons} 
these electrons in turn cause the ejection of low-energy secondary 
electrons with low penetration. Consequently, the path of a fast 
neutron is surrounded by a dense 'column1 of primary and secondary 
ionisations at very close proximity. The heavier recoil ions of C, 
N and 0 have an even lower penetration and consequently produce even 
denser ionisation tracks. Other reactions are not relevant in the 
present context. 
Until recently most irorkers applying neutrons to higher plants 
ignored the dose absorption characteristics of their material and 
the physical characteristics of the radiations used} dosimetrical 
data were given in a wide variety of units, frequently without refer-
ence to the methods employed. It is thus difficult to compare results 
in most of the literature dealing with fast neutron irradiations of 
plants. This difficulty is aggravated by problems arising from the 
widely different types of neutron source used. In principle, mono-
energetic neutrons from an accelerator are the most suitable for 
biological experiments. Nevertheless, for both research and applied 
purposes, the most commonly available source, a nuclear reactor 
must usually be relied on. This is in spite of the wide energy distri-
bution and the Y-cohtamination of its beam and the resulting very 
complicated dosimetry and spectrometry. The comparison of experiments 
carried out in different reactors is hampered by differences in 
neutron output, in neutron spectrum and in the proportions of con-
taminating radiation. Other complicating factors include differences 
in construction of the neutron facility which lead to differences in 
"both the geometry of the irradiated specimens and the control of en-
vironmental conditions before, during and shortly after irradiation. 
Consequently, even with a full description of all relevant factors 
and circumstances, it may still be impossible to obtain an accurate 
reproduction of experiments with a different reactor. This problem 
can be partly overcome by monitoring with a standard biological mate-
rial, such as Himalaya barley, for which a system is now being de-
(92 93) 
velopedv %'J*. However, this presupposes a high degree of repro-
ducibility of results at any given site, and this can be achieved 
only by rigorous standardisation of both the experimental procedures 
and the test material. 
The aim of the present chapter is to provide dosimetrical data 
relevant to irradiated dry and germinating tomato seeds. As far as 
possible, the recent IAEA recommendations on dosimetry reporting, 
briefly enumerated below, will be followed. While descriptions of 
both the irradiation facility and the physical dosimetry were avail-
able in published papers, information on the characteristics of dry 
and germinating tomato seeds relevant to fast neutron dosimetry was 
lacking, and had to be obtained experimentally. The doses absorbed 
in the various irradiated materials could subsequently be calculated 
from the physical and biological data. 
3*2. IAEA recommendations on dosimetry reporting 
In 1967, the IAEA convened a study group to deal with both the 
problems of neutron dose measurement in biological experiments and 
the method of their reporting. This group recommended that the fol-
lowing information should be obtained and reported in all papers 
dealing with neutron seed irradiation^9 ,95' : 
(a) the characteristics of both the neutron facility and the contain-
er or apparatus holding the seeds during irradiation; the irra-
diations must be performed in either an adequately isotropic 
field or a beam; 
(b) the neutron flux densities and spectral distribution; 
(c) the absorbed neutron doses (dose rates) expressed in rad (rad/h) 
either specifically for the objects irradiated, or estimated by 
reference to a material of known atomic composition, e.g. H 0* 
9. 
(d) the absorbed doses due to contaminating' radiations expressed in 
rad (rad/h); 
(e) the atomic composition of the irradiated objects, preferably the 
embryos rather than the whole seeds, for at least B, C, E, If and 
0 in thermal neutron irradiations and for at least H (but if 
possible also C, IT and 0) in fast neutron irradiations; 
(f) the correlation between the data under (b) and (c) and a stan-
dard biological effect such as the reduction in growth of the 
1st leaf of Himalaya barley equilibrated at \y£> moisture. 
When the present experiments were conducted it was not yet pos-
sible to supplement the physical and chemical dose measurements with 
a biological monitoring system. Information on (f) is consequently 
lacking. The other data are given in the following sections. 
3.3. Irradiation facility; reactor BARN 
The 'Biological Agricultural Reactor Netherlands' (BARN) is a 
swimming pool reactor with light water as moderator and coolant, 
with SQffo enriched U as fuel, operating at a maximum permissible 
power of 100 k¥j its most important feature is a 5x7 m climate 
controlled chamber below the reactor core, separated from the latter 
by a Lo0 diffusor..and by 2 bismuth shields to filter out most of 
the contaminating Y-radiation*1 4 . In the present experiments, the 
irradiations were performed with all DJ3 dumped from the diffusor. 
In this way, a fast neutron beam is obtained with only a small ad-
mixture of thermal neutrons. Most of the latter are captured by a 
boron layer, placed between the 2 bismuth shields. 
The fast neutron spectrum of the BARN reactor does not differ 
radically from a fission neutron spectrum and it may be presumed 
that biological results obtained with these two spectra will be 
directly comparable'25'. 
3«4« Conditions of pretreatment and irradiation 
The irradiation experiments were performed with both dry seeds 
and seeds prehydrated/germinated for various durations at 27+0.25°C 
on a 3 mm layer of 0.75/* agar + 0.l£ KN05 in 9 cm polycarbonate petri-
dishes, under ca 11,000 lux of Philips TL33R3+Philinea, measured in-
side the dishes. The XNO, was added to the agar in order to improve 
the uniformity of germination speed'50'94'. 
The dishes containing prehydrated or germinated seeds were sealed 
10. 
without lids, in thin polyethylene foil. The dry seeds were sealed 
directly in thin polyethylene foil and then placed in open petridishes 
with agar. In this way a comparable geometry was obtained for all spe-
cimens. The dishes were placed on a polypropylene box standing on a 
wooden structure in the centre of the irradiation chamber; the height 
from the floor was 1.20 m in exps.1-3 and 2.20 m in exp.4. 
The fast neutron irradiations took place under ca 9000 lux of 
Philips TL35ES at 23°C, at a reactor power of 100 k¥. 
3»5« Physical dosimetry 
The irradiation treatments were expressed initially as minutes 
exposure. These data were converted to rad doses in water on the 
( 25 ) 
basis of the most recent spectral and dosimetry datav J . The fast 
neutron dose rates were measured using two types of ionisation cham-
bers, and were also calculated from the spectral distribution deter-
mined with semiconductor sandwich detectors; these different methods 
yielded similar results. The Y-contamination was determined using a 
Mg-A ionisation chamber. All ionisation chambers were calibrated with 
a ^'Cs source. The dose rates, expressed as rad/h in water (%po)» 
were shown to bet 
%
 0 (rad/h) 
Height from __—___—_—_—_ Experiment 
floor fast neutrons Y-radiation 
1.20 m 1000+5 $> 80 1, 2, 3 
2.20 m 2800+6-^ 160 4 
3«6. Changes in germinating tomato seeds relevant to fast neutron dosimetry 
3»6.1. Introduction 
In order to calculate the fast neutron doses actually absorbed by 
the irradiated specimens, the changes in water content, dry weight 
; and elementary composition (C, H, 0, IT and Ash) of untreated tomato 
seeds and their constituent parts were determined during germination 
and early seedling growth. The pattern of water movement inside the 
seeds was also studied. 
3«6.2. Materials and methods 
Seeds of cv. 'Moneymaker' reselection no. 83 (iTunhem Seeds Ltd., 
Haelen, Netherlands), equilibrated at 6.5$ moisture and stored at 
11. 
-23 C, were selected for uniformity in size, normal appearance and 
the absence of visible damage; their 100-seed weight was 3^ 3 mg. 
These seeds were sown in 9 cm polycarbonate petridishes with 
0.75fa agar + O.lfo KNO,, ca 1*0 seeds per dish, and incubated as in 
section 3»4 (p. 9 ) • After 96 hours, the lids were raised to allow 
the seedlings to grow undisturbed, and water was added to prevent 
desiccation. The experiments were continued until 144 hours after 
sowing. 
At regular intervals, 4 independent samples, each of 25 seeds or 
seedlings, were taken. The seeds or seedlings were dried of adhering 
water with filter paper. The specimens were then transferred immedi-
ately to a small weighing bottle, weighed on an automatic analytical 
balance, dried for 1 week under high vacuum (0.01 mg Eg) at room tem-
perature and weighed again. The water contents were expressed as per-
centages of d.ry weight. 
Water uptake in the embryo was studied by taking 4 independent 
samples of 20 seeds at each sampling time. Working in a room with 
high relative humidity, one seed at a time was taken from its petri-
dish, blotted gently on damp filter paper and fixed in a clamp made 
of two 3x12 mm pieces of thin perspex connected by means of adhesive 
tape. The seed was then immediately cut in half along the 'horizontal' 
plane with a sharp razor blade. Both seed halves were laid on the damp 
filter paper, seedcoat down, and the embryo halves lifted out with a 
fine preparation needle. All embryos belonging to one sample -tfere 
collected in a stoppered miniature weighing bottle (l cur ) and 
weighed. The seedcoat+endosperm halves of each sample were also col-
lected, dried and weighed; their water contents were calculated from 
the corresponding data on whole seeds and embryos. The time needed 
to prepare one sample was 3-4 minutes. 
The seedlings taken 72-144 hours after sowing were cut into 3 
parts (roots, hypocotyledons and cotyledons) which were weighed sepa-
rately. All samples were dried for 1 week under high vacuum at room 
temperature and weighed again. 
The 4 replicates of the dried samples corresponding to germina-
tion times of 0, 24» 48» 72, 96 and 144 hours, were then combined to 
make one sample per germination time. The embryos (0-48 hours) were 
powdered in a watch glass with a spatula; the roots, hypocotyledons 
and cotyledons (72-144 hours) and the seedcoats (0-72 hours) were 
finely cut with a razor blade on a glass plate. The samples were then 
12. 
kept under vacuum for at least 1 further day and analysed for their 
composition of C, H, H and Ash (W.P. Combe", Micro-analytical Dept., 
Lab. for Organic Chemistry, Agric.Univ., Wageningen). The determina-
tions on N were done once, those on C and H were duplicated and those 
on Ash were done three times. The 0 contents could not be determined 
due to the presence of interfering elements, but their maxima (0max) 
were calculated by subtracting the total percentage of the 4 compo-
nents analysed from 100$. 
The water movement inside the seed was studied by soaking seeds 
in water coloured with erythrosine or eosine} this was preceded by 
a 2 hour treatment in concentrated KOH to render the cuticle between 
seedcoat and endosperm permeable to the dyes. At various time inter-
vals, seeds were blotted, cut in half and inspected under a binocular 
microscope. 
3.6.3. ¥ater uptake and germination 
The water uptake in vrhole seeds (fig.l) was extremely rapid during 
the 1st hour. It then proceeded somewhat irregularly, at a much lower 
rate, until the 7th hour, after which the rate of increase diminished 
steadily until the 12th. hour. Subsequent water uptake was extremely 
slow until ca 6 hours after the first visible germination (f), after 
which it proceeded exponentially. 
Pig.1 also shows the water uptake in the seedcoat+endosperm and 
the embryo separately. 17a ter uptake in the seedcoat+endosperm was 
extremely rapid during the 1st hour, probably due chiefly to imbibi-
tion of the seedcoat proper. Nevertheless, in the embryo, a slight 
but significant increase in water content was noted as early as 1 
hour after sowing, indicating that some water must have penetrated 
through the cuticle between the seedcoat and the endosperm (for 
(58) 
tomato seed histology see Esauv ' ) . During the following hours, both 
the endosperm and the embryo imbibed gradually; this seemed to pro-
ceed linearly over the first few hours and then at a progressively 
lower rate. In the seedcoat+endosperm, the water content was almost 
stationary over the period 24-36 hours but this was followed by a 
slight further increase, probably due to a further imbibition by the 
endosperm, after the rupturing of the seedcoat. 
Because the endosperm could not be separated from the seedcoat 
without disturbing the water content, the water uptake could not be 
determined for these components separately. However, the seedcoat, 
13-
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14. 
which made up only ca 30$ of the total dry weight of seedcoat+endo-
sperm, was responsible for most of the water uptake during the first 
hour ?.ftar hydration, i.e. for ca 2/3 of the total uptake in seed-
coat+endosperm prior to germination. Thus, the seedcoat possessed a 
much higher water content than the endosperm at all stages prior to 
germination. The parallelism of the curves for seedcoat+endosperm 
and embryo from the 2nd hour of hydration until visible germination 
suggests that water uptake in the endosperm proper was similar to 
that in the embryo. The water uptake in the embryo proceeded approxi-
mately linearly over the first 4 hours and then at a progressively 
lowsr rate, to reach a plateau at 50-52%, approximately 21 hours af-
ter sowing. The end of this plateau, after 30 hours of incubation, 
corresponded with the germination of tho first seeds (t). Prom then 
on, the water content increased exponentially (table l). 
Table 1 : Water content ($ of dry matter) of embryos/seedlings and 
their constituent parts up to 144 hours after sowing; 50$ 
germination =» 40 hours after sowing. 




























It can be assumed that the different parts of the embryo have 
about the same water content at the onset of germination (50-52$). It 
may then be inferred from table 1 that the exponential increase in 
water content which follows germination commences first in the roots, 
then in the hypocotyledons, and only much later in the cotyledons. 
This sequence corresponds to the sequence of emergence of these or-
gans from the seedcoat. After 48 hours, most roots but only a few 
hypocotyledons were visible. After 72 hours, all hypocotyledons were 
completely exposed, while the cotyledons were still enclosed. After 
96 hours, the roots were 8-20 mm long and the hypocotyledons 15-20 
mm, but in most seedlings only the lower parts of the cotyledons were 
visible. After 144 hours, tho roots were up to 34 mm long and the 
hypocotyledons about 25 mm; the cotyledons were fully visible at this 
stage, but were held together at their tips by the seedcoat. 
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The restrictions in water uptake by the embryo before germination 
are chiefly of mechanical nature and are caused by its confinement 
within the seedcoat. This is shown by the fact that excised embryos 
absorb water at a higher rate than those in intact seeds. During the 
later stages of germination, however, metabolic processes lead to 
considerable forces in the embryo (due to increasing osmotic pressure 
and possibly the swelling of colloids) and the initiation of cell 
elongation^4 '. This causes the rupture of the seedcoat and permits 
rapid water uptake. The importance of these forces is illustrated by 
the fact that the grox^ th of weak seedlings is considerably improved 
by manual removal of the seedcoat. 
The techniques for determining the water content of whole seeds 
and embryos proved satisfactory. The low standard deviations showed 
that 4 samples of 25 seeds were adequate to take into account the 
large variation in water uptake between individual seeds. These dif-
ferences are ascribed to variation in the cuticle permeability, the 
embryo size, the amount of endosperm and the arrangement of the 
cotyledons within the seed. 
The movement of the absorbed water inside the seed, inferred from 
the migration of water-soluble dyes, appeared to be gradual. It start-
ed at the point where the endosperm was the thinnest and there was no 
indication of rapid movement by capillary action to the shoot apex or 
to any part of the embryo. 
Germination (fig.2, p.13) was rapid and uniform. This may be at-
tributed to the high germinative power of the seeds, the germination-
promoting effect of XNO, ' , and the various advantages of 
5
 (29) 
an agar medium over other substrates, which arev " i 
(i) a strictly reproducible chemical composition and moisture con-
tent; 
(ii) a homogeneous distribution of water and nutrients within the 
dishes, even when these are placed at an angle to promote uni-
formity of root growth; 
(iii) a large reserve of potentially available water in each dish, 
without immersion of the seeds; this permits many seeds/dish 
without risk of desiccation; 
(iv) a homogeneous physical composition and smooth surface which does 
not obstruct the root tips; 
(v) transparency, which permits examination and recording with clos-
ed dishes; 
16. 
(vi) freedom from root damage at transplanting, even when the roots 
have penetrated the substrate. 
3-6.4. Increases in dry weight and changes in elementary composition 
The average dry weights of seedcoat+endosperm and embryo are 
given in the right hand part of table 2 (left hand part to be used 
only for subsequent calculations). 
Table 2: Mean water content (% of dry matter) and dry weight (mg) per 


































































No changes occurred until shortly after germination (36 hours af-
ter sowing). From then on, the dry weight of the seedcoat+endosperm 
decreased. The total dry weight reduction was 1.14 nig at 144 hours 
after sowing; the main reduction occurred between 48 and 96 hours. 
The dry weight of the embryo increased by as much as 1.71 mg over the 
same period. It may thus be concluded that the embryo has resorbed 
approximately 1.14 mg of dry matter from the endosperm (less the 
quantity lost by respiration). This amounts to 53% of the initial dry 
weight of seedcoat+endosperm or 75$i> of the initial dry weight of the 
endosperm. This resorption took place chiefly during the 48 hours fol-
lowing visible germination. During the greater part of this period the 
embryo also synthesized some new dry matter, notwithstanding the fact 
that the cotyledons were still enclosed in the seedcoat. This initial 
de novo synthesis can be attributed to the hypocotyledon which under 
illumination forms chlorophyll as soon as it protrudes from the seed-
coat. Ivith the emergence of the cotyledons, the synthetic activity of 
the embryo increased greatly. 
Differences occurred between the various organs (table 3). 
17. 
Table 3 ' Hean dry i>reight (mg and fo of Em) of a single embryo or seed-
ling (Em) and of its constituent parts: root (R), hypocotyl-
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The dry weight of the root and the hypocotyledon decreased con-
siderably after germination, up to ca 72 hours after sowing. From 
then onwards, the dry weight of the root increased exponentially, 
while that of the hypocotyledon increased rapidly at first and at a 
lower rate thereafter. In contrast, the dry weight of the cotyledons 
started to increase at a much earlier stage (ca 48 hours after sow-
ing, cf.table z) and reached a maximum at ca 96 hours (i.e. when the 
resorption of endosperm substances had been virtually completed); 
thereafter, it decreased markedly. 
The initial loss in dry matter from the root+hypocotyledon after 
germination was undoubtedly due to respiration associated with the 
provision of energy for the germination processes and early growth. 
At this time, neither the transport of stored nutrients from the 
cotyledons nor photosynthesis had started. The data suggest that up 
to 72 hours from sowing all endosperm dry matter absorbed by the em-
bryo was present in the cotyledons. Subsequently, however, there was 
an active redistribution of metabolites from the cotyledons to the 
other parts of the embryo, and this continued until at least 48 hours 
after the completion of endosperm resorption. 
The results of the elementary composition analyses are shown in 
table 4. Changes were slight and inconsistent during the first 48 
hours, i.e. until well after visible germination, except for notice-
able increases in N which were due to KftO, absorption from the sub-
strate. Subsequently (72-144 hours), the C and H contents decreased 
and the N, 0 m a x and Ash contents increased in both the seedlings as a 
whole and all components separately (except for N in the seedcoat+ 
endosperm). These changes can be attributed partly to the oxidative 
breakdo^m of lipids and carbohydrates in the endosperm and the embryo 
( 103,120,146 )
 a M p a r t l y to mQ^ uptake# 
18. 
Table 4 : Elementary composition of seedcoats+endosperm, embryos/ 
seedlings and their constituent parts, in weight percent-















































































































































calculated from constituent parts 
However, many other metabolic changes are known to be involved. 
The increases in Ash resulted mainly from K uptake from the medium, 
although the resorption of various elements from the endosperm prob-
ably increased this effect. The increases in Ash are, however, exag-
gerated by the complete oxidation of these elements during the com-
bustion of the samples. The 0 contents were estimated by sub-
c
 max " 
tracting the C, H, IT and Ash contents from 100$} these values may 
therefore include small proportions of halogens, P and some other 
elements. A more important source of error arises from the fact that 
some oxygen from the sample \*ill be used in the ashing process. This 
leads to a progressive underestimation of the 0 content with in-
nici x 
creasing germination time. This means that 0 increased more than 
the data indicate. 
In the seedlings as a whole, the main changes occurred from 96-I44 
hours after sowing, i.e. after the resorption of the endosperm and 
during the earliest phase of independent growth. In the roots, the 
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main changes seem to have occurred at a much earlier stage as C and H 
v/ere already very low, and 0 and Ash very high, in the 72 hour 
max 
sampling (deviations from the general trends in the 96 and 144 hour 
samplings require confirmation). In the hypocotyledons, the most 
pronounced changes occurred at 72-96 hours, except for the major in-
crease in Ash which occurred at about 144 hours after sowing. In the 
cotyledons, rapid changes commenced at 96-144 hours after sowing. The 
timing of these changes in the various organs is a measure of their 
metabolic activity and is closely related to the increases in water 
content (cf.table l). 
The composition of the seedcoat proper probably did not change 
appreciably during the sampling period (except for an increase in N). 
i;t the end of this period, ca 53/j of the dry matter of seedcoat+endo-
sperm had been resorbed by the embryo. On this basis it may be in-
ferred from a comparison of the 0 and 144 hour data, that, in the 
resorbed part of the endosperm, the contents of C and H were some-
what lower than in the embryo, the N content was similar, the 0 
max 
content was substantially higher and the Ash content was considerably 
lower. 
The large differences in dry matter composition between the roots, 
the hypocotyledons at the specific stages considered are of obvious 
relevance to fast neutron dosimetry. However, their importance can 
only be assessed by considering the water contents also. This sub-
ject is discussed in section 3«7. 
?.7» Dose absorption in the biological materials 
The preceding data permit the calculation of the fast neutron 
doses absorbed in the various biological materials, relative to those 
in water (Dg2o)» a s follows. The dry weight percentages of C, H, IT 





The resulting products were added; the total, which represents 
the dose in rad in the specimen corresponding to 1 rad in acetylene, 
was divided by 1.35 to obtain the dose in rad in the specimen cor-
responding to 1 rad in water; let this be A. Further, let the water 
content be a, in c/o of dry matter (tables 1 and 2). The dose absorbed 
in the biological specimen is then: 
20. 
. x'X '"' x DTT «, where -, ^ v "• mr.y "be called the 'specimen dose correc-100+a H^O' 100+a J * 
tion factor'. This calculation was performed for all specimens in 
which the elementary composition had been analysed, and for the 1, 3i 
6 and 12 hour samples. The dry matter composition of the 0 hour 
specimen was regarded as representative of the 1, 3 and 6 hour sam-
ples, whereas the mean composition of the 0 and 24 hour specimens 
was used for the 12 hour samples. The resulting values are shown in 
table 5» together with the same data expressed as percentages of the 
corresponding dry sample values. 
Table 5 * Absorbed fast neutron dose relative to that in water, in 
the constituent parts of dry and germinating tomato seeds 
and young seedlings, and the same data as percentages of 






















































































The lowest specimen dose correction values were those for the 
dry materials. Marked increases occurred in the course of germination? 
however, even the highest values were less than unity, indicating a 
lower energy absorption than in water. 
In dry seeds,the absorbed dose was higher in the embryo than in 
the seedcoat+endosperm. This position was reversed within the 1st 
hour of hydration due to the rapid water uptake in the latter. How-
ever, 48 hours after sowing, the embryo had again the highest absorb-
ed dose owing to its rapid water uptake following germination? from 
this time onwards, the absorbed dose in the seedcoat+endosperm became 
21. 
constant or even declined. In young seedlings the absorbed dose was 
consistently higher in the roots and hypocotyledons than in the cotyl-
edons. However, these differences became less with time. The "/a data 
relative to the dry sample values logically show the same trends. In 
conclusion, the data demonstrate that gross errors in both absolute 
and relative dosimetry may arise if the elementary composition of the 
biological targets is disregarded. 
T
."ien considering these data in conjunction with those of the 
previous section, it appears that the dose absorption values are 
determined almost entirely by the water contents of the various speci-
mens and the H contents of their dry matter. A similar conclusion was 
reached by Contant et al. ^ on the basis of a comparison of relative 
rad doses in dry embryos, small flower buds (85.5$ H^O) and dry pol-
len (2.8$ H20) of tomato, which were 1.13, 1.28 and 0.94x the rad 
doses in acetylene (= 0.8/., 0.95 and 0.70x DJT>O)> respectively. This 
conclusion is also in agreement with Constantin and Osborne^ ' who 
performed analogous calculations on seeds of 10 different plant spe-
cies and found that the conversion factors, which ranged from 0.83-
1.23 relative to the tissue rad dose in air (= 0.911 % 2 o ) w©re al-
most perfectly correlated with H content. 
Nevertheless, the C and 0 contents should not be disregarded in 
calculating rad doses. Although the contribution to the neutron dose 
per weight $ of these elements is low, compared with that of H, their 
large proportions in biological materials (C especially in dry and 0 
especially in hydrated objects^ ') cause a combined dose contribu-
tion of 8-9$. The N content is usually low and its dose contribution 
of minor importance. However, the following procedure accounts for 
all 4 elements discussed, without the separate determination of 0 and 
IT, by making use of the fact that the dose contribution per weight $ 
is very similar for these elements (p.19). The water content of the 
irradiated object and the C, H and Ash contents of its dry matter 
should be accurately determined; from these data the C, H and Ash 
contents in the 'fresh' samples can be calculated. The pooled N+0 
content may then be estimated by subtracting the sum of the former 
values from lOOfo. In calculating the absorbed dose the multiplication 
factor for 0 (0.0012) may be considered to apply approximately to 
the total content of N+0. Inaccuracies in the correction factors for 
dose absorption determined in this way are less than 1$, even when 
the estimated 1T+0 content contains an error of several percent. 
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In addition to the relative absorbed dose, the relative amounts 
of radiation energy absorbed per meristem or per meristem cell may 
also be of value in interpreting the results of radiosensitization 
experiments. Because the changes in weight and elementary composition 
of individual meristem cells during hydration are unknown, they are 
represented by the changes occurring in the embryo as a whole. This 
is only possible prior to the rupture of the seedcoat, because there-
after the weight increase of the embryo is caused chiefly by the en-
largement of differentiated cells. Therefore, no estimates are avail-
able for the 72-144 hour pregermination treatments; in fact, some 
bias may even be expected after 48 hours. In order to estimate the 
necessary parameters, the amounts of energy absorbed per embryo per 
krad in water were calculated first. This was done by multiplying 
the rad doses by 100 to obtain erg/g, and then by the fresh weights 
per seedcoat+endosperm or per embryo in g calculated from table 2. 
These products x 1000, which represent the energy (erg) absorbed per 
object per krad in water, are shown in table 6, together with the 
same data expressed as percentages of the corresponding dry sample 
values. These percentage data also represent the relative amounts 
of energy absorbed per cell. 
Table 6 t Energy per krad in water (erg and fo of dry sample value), 







































The energy absorption/cell increased consistently in the course 
of germination, as expected. In the seedcoat+endosperm this increase 
was very rapid during the first hour up to a value of 214$» after 
which there was a further gradual rise to 295$ after 48 hours. In 
the embryo, the increase was more gradual; a value of 146% was reach-
ed after 24 hours and probably a slightly higher value just before 
the onset of germination. After germination, the relative energy ab-
sorption/embryo increased rapidly because of the elongation of the 
25. 
differentiated root cells but this was no longer a measure of the 
relative energy absorption per meristem cell, and the value of 212$ 
after 48 hours is undoubtedly an overestimation. 
These data will be used in connection with the changes in radia-
tion effectiveness during germination which were observed in the ex-
periments presented in the next chapter. 
24. 
4 . EALIATIOIT EFFECTS 
4.1. Introduction 
The aim and scope of the present experiments were outlined in 
chapter 1. The main variable was the duration of seed germination 
prior to irradiation. 
Four experiments will be considered in detail. Sy way of explora-
tion, the conditions of culturing were varied between experiments af-
ter the petridish stage, because it was impracticable to investigate 
experimental conditions as a variable within each experiment. The ex-
periments 1 and 2 were carried out in growth chambers but in con-
tainers of different size and depth entailing differences in nutrient 
supply; experiment 3 was performed in a greenhouse under optimal con-
ditions. The methods and conditions of culturing of experiment 4 were 
based on conclusions derived from the preceding experiments. 
Because of space restrictions, the experiments 1 and 2 had to be 
limited to the preflowering stage of the irradiated generation (M.) 
and to one cultivar; experiment 3 could be pursued up to the seedling 
stage of the selfed offspring (M2) and involved two cultivars. These 
experiments comprised, in addition to dry seeds, only one prehydra-
tion treatment. Experiment 4 was designed to elaborate the results 
of the preceding experiments and involved a wide range of prehydra-
tion/germination times. 
Adequate knowledge of the shape of the dose/response relationships 
for various IL and M_ characters, and of factors influencing these 
shapes,is essential for the efficient handling of seeds and plants 
irradiated with a view to mutation induction. In particular, any at-
tempt to predict the mutagenic value of a radiation treatment from 
early M, characteristics requires a fair degree of constancy in the 
dose/response relationships. Accordingly, this subject is given con-
siderable attention (section 4«3)« 
An analysis of the causes of differences in the effectiveness of 
radiation on characters with different dose/response relationships 
was not attempted. Eowever, as only one mutagen (fast neutrons) was 
involved, the dose/response relationships of the various objects have 
essentially the same shape for a given character, so that relatively 
simple parameters are adequate for a quantitative comparison of radia-
tion effectiveness (section 4.4). 
The use of two cultivars in exp.3 aimed at a first exploration of 
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genetical differences in the radiation sensitivity of seeds, and at 
establishing whether the sensitivity relationship varies with the 
character studied. This latter question is directly relevant to the 
efficiency (defined in chapter 2) of mutation induction. In order to 
learn more about the nature of varietal sensitivity differences, and 
with a view to practical application, the possible relationships be-
tween these differences and certain biometrical characteristics of 
the seeds are also examined (section 4«5)« 
Studying the increase in neutron effectiveness with prehydration 
for a number of M, and M_ characters will establish whether or not, 
and in which direction, prehydration changes the quantitative rela-
tionship between the various radiation effects. By analogy with the 
foregoing, this question has a direct bearing on the efficiency of 
mutation induction. Such a study also permits an evaluation of the 
proportion of effectiveness enhancement which is due to increased 
radiation energy absorption, using the data of section 3«7. Moreover, 
such information is conducive to a discussion on the various factors 
involved in sensitization, and on recovery in relation to the organi-
sation of the embryonic shoot apex (section 4«6). 
The degree of correlation between various characteristics of 
plants within a treatment is of great importance for practical muta-
genesis. In particular, a high within-treatment correlation between 
early M. characters on the one hand and M, seed set or NL characters 
on the other hand would permit positive selection at an early II, stage. 
Alternatively, the absence of correlation would permit the early eli-
mination of weak and semi-sterile M, individuals without any lowering 
of the frequency of recessive mutations. This question is examined in 
detail (section 4«7) because no suitable data pertaining to fast neu-
tron irradiation have so far been reported. 
The main practical implications of the evidence presented in this 
chapter will be emphasized in chapter 5. 
4.2. Materials, methods« characters studied 
Experiment 1 
The experimental material consisted of seeds of cv. 'Moneymaker1, 
100-seed weight 319 mg, 5.6% H20. These were irradiated both dry and 
at 48 hours hydration, which coincided with the germination of the 
first seeds (note the slower germination than in the experiments of 
section 3.6). For conditions of pretreatment and irradiation see sec-
26. 
tion 3«4» 
The dry seeds received doses, expressed as % ? 0 ' °*" ®* *» »^ »^ 4» 
6, 7» 9 and 11 krad (D, series); the prehydrated seeds received 0, 1, 
2, 3 and 4 krad (EL series). Each treatment consisted of 100 seeds in 
one petridish. 
After a total germination period of 4 days at 27 C tinder continu-
ous illumination with 11,000 lux of Philips TL33RS+Philinea (inter-
rupted in H, by irradiation at 23°C) the climatic regime was changed 
to 18/6 hours day/night, with temperatures of 23/l7°C These condi-
tions were maintained until the end of the experiment. The young seed-
lings were transplanted into vermiculite in 50x40x8 cm wooden boxes 
at 5-8 days after sowing, depending on the speed of germination and 
growth; at this stage the experiment was laid out in 4 replicates. 
ITutrient solution, formula Hoagland^ , was supplied daily. Twenty 
five days after sowing, the seedlings were transferred to an aerated 
Hoagland solution. The experiment was concluded after 42 days. 
The following characters were recorded on all individuals: 
18_days after sowing 
- presence or absence of at least 1 leaf >3 mm 
- number of leaves >3 mm 
-
25_days_ after sowing 
- length of the primary root 
- cotyledon length 
- length of the 1st leaf 
- length of the hypocotyledon + stem (= 'stem length1) 
- number of leaves >3 mm 
The treatment means for length of the primary root, the cotyledons 
and the hypocotyledon + stem, i.e. of those organs that were already 
differentiated in the dry embryos, were converted to cumulative growth. 
This was done by subtracting the mean length attained in the lethal 6 
krad treatment of IL, where cell division was completely inhibited. 
J.2_days after sowing 
- ultimate length of the 3rd leaf 
- ultimate fresh weight of the 3rd leaf 
- length of the 1st axillary shoot 
- fresh weight of the whole plant 
- presence or absence of an apparently normal terminal apex 
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Experiment 2 
This experiment was carried out with seeds of the same lot of cv. 
'Moneymaker1 no. 83 as used for the experiments in section 3»6» These 
seeds were irradiated dry and after 24 hours hydration as described 
in section 3»4» 
The dry seeds received doses (DH 2O) °*" °» ^* ^» »^ 3» 6 and 9 
krad (D? series); the prehydrated seeds received 0, 1, 1-jjr, 2, 3» 4 
and 6 krad (EL series). In addition, a series of low doses was given 
to both dry and prehydrated seeds; these doses were 2, 10, 50, 200 
and 500 rad. 
The experiments consisted of 6 replicates of 25 seeds/treatment 
from sowing onwards. However, because of the long exposure times, all 
replicates of a given treatment had to be irradiated simultaneously, 
while the different treatments were irradiated in succession. The 
methods of culturing conformed to those in exp.l except that the 
seedlings were transplanted into 22x22x5 cm earthenware seedpans and 
the substrate was wetted on alternate days with Eoagland nutrient so-
lution and water. The experiment was concluded 25 days after sowing. 
The following characters were recorded: 
Pe^ridish stage 
- germination capacity 
- days to germination 
- length of the primary root, 4 days after 50/J germination 
These characters were recorded by taking photographs of the petri-
dishes (lids removed) in a sterile room at 6 hour intervals; the root 
lengths were measured with the aid of a curvimeter on 40x enlarged 
projections of the negatives on a smooth white wall. 
25_days_ after sowing 
- as in exp.l 
Exgeriment_3 
The experiment was carried out with seeds of cv. 'Moneymaker' 
(100-seed weight 319 mg as in exp.l) and of cv. 'Glorie' (100-seed 
weight 279 mg); both seed-lots were equilibrated at S.jfo H?0. 
These seeds were irradiated dry and after 24 hours hydration as 
described in section 3»4» 
The dry seeds received doses (Dg2o) o f °» ^ 2» 3» 4» 6 and 9 
krad (D, series) and the prehydrated seeds 0, 1, 2, 3, 4 and 6 krad 
(H- series). The dry seeds were stored for 3 days at room temperature 
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before being sov/n. The conditions of germination were as in exp.l. 
Shortly after germination, the seeds were planted into boxes with 
fertile soil, in a greenhouse with regulated temperature and under 
natural day-light (late spring). Prom this stage onwards the experi-
ment consisted of 3 replicates. The conditions of culturing were very 
favourable so that growth was very rapid. At the age of jj weeks 
those seedlings considered to be incapable of satisfactory develop-
ment were discarded. Of the transplantable seedlings, fixed numbers, 
increasing with dose, were taken at random from the various treat-
ments, and planted into 9 cm pots. One week later they were trans-
planted into the greenhouse soil. The plants were topped above the 
2nd cluster and pruned regularly. 
Tvo adjacent fruits were harvested from the 1st and the 2nd truss 
of each M, plant, and the seeds extracted. The progenies (ML) of all 
plants containing >24 seeds in the least fertile truss were tested. 
These progenies, consisting of 24 seeds/truss, were sown directly in 
boxes with soil. They were screened for aberrations detectable at 
the seedling stage, 10 and 20 days after sowing when symptoms on the 
cotyledons and the first leaves, respectively, were the most easily 
recognised. Itecessive 'visible' mutations were considered to be those 
events leading to 2-12 11- seedlings having clearly the same distin-
guishing marks; aberrant plants occurring single were disregarded or 
counted as sublethals, as previous experience had shown that a large 
proportion of these cases were not due to simple recessive mutations. 
The following characters were recorded: 
Petridish .stage, 
- germination capacity 
- days to germination 
18_dayj3 after sowing 
- cotyledon length, 12 seedlings/treatment; treatment means converted 
to cumulative growth as in exp.l 
- fresh weight of the aerial parts, 3 seedlings/treatment 
^5_days_ .after .sowing 
- number of plants suitable for transplanting 
Majturity (all surviving plants) 
- number and weight of seeds/fruit in 1st and 2nd truss, and mean 
over both trusses 
- number of 'fertile' plants per treatment (^,24 seeds in the least 
fertile truss) 
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Iip_s£edling stage (2 truss progenies of all 'fertile1 M. plants) 
- number of non-germinating seeds 
- number of sublethal seedlings unsuitable for mutant screening 
- number of recessive 'visible1 mutations 
- number of mutant seedlings corresponding to the 'visible' mutations 
Spare 1-L seed was subjected to germination tests after 1 year of 
storage at room temperature, in order to study the effect of seed ir-
radiation on loss of germinative power with storage. 
To determine the 100-embryo weight, 100 vacuum-dry seeds of each 
cultivar were weighed, after which their embryos were removed as des-
cribed in section 5*6 (p«ll)> the 100-embryo weight was obtained by 
weighing the seedcoat+endosperm halves and subtracting these weights 
from those for the whole seeds. 
To determine the percentages of cells in the G, and G~ stage of 
interphase, respectively (2C and 4C nuclei, i.e. before and after D M 
duplication), 5 seeds per cultivar were soaked for 16 hours at low 
temperature to facilitate the removal of the embryos, which were then 
fixed in 5*1 alcohol:acetic acid (Carnoy) and stained with Feulgen. 
Photodensitometric DNA determinations were made on 500 nuclei per em-
bryo (5 embryos per cultivar). These determinations were restricted 
to the strictly meristematic zone of the root apices (max.ca 150 urn 
from the root tips). As the distributions of the relative values for 
2C and 4C nuclei do not overlap, the cell numbers at each stage are 
determined very easily. 
Finally, to compare the average amounts of DKA/nucleus of the two 
cultivars, accurate measurements were made on 20 cells in each of 5 
root meristems per cultivar, i.e. 100 measurements per cultivar. The 
results were expressed in scale units, and therefore constitute rela-
tive values. The standard errors were calculated on the basis of the 
means per meristem. 
Experiment 4 
The experiment was carried out with seeds of the same lot of cv. 
'Moneymaker' no. 85 as used for exp.2 and for the experiments in sec-
tion 5.6. The conditions of pretreatment and irradiation were as in 
section 5»4« 
These seeds were irradiated dry (D series) and after %, 3, 6, 12, 
24, 48, 72, 96 and 144 hours of hydration/germination (Ej, H3 .... 
EL44 series). The irradiations were performed at a 2.8x higher dose 
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rate than in the preceding experiments, allowing shorter exposure 
times (see section 3»5)« The exposure times and doses are shown in 
table 7» ^he dose ranges followed roughly the expected increases in 
neutron effectiveness with increasing prehydration time. In the se-
ries H48-E144 only very few treatments are available due to a too 
late discovered error in the execution of the irradiations. 
Table 7 s Schedule of treatments (+ - ¥i-± seedling stage onlyi x - up 
to Mg seedling stage). .Experiment J. 
Exposure % 7 o Pre-irradiation germination period (hours) 
(min) (krad) 
0(B) £ 3 6 12 24 48 72 96 144 
0 0.00 x x x x at 
5 0.23 x x x x 
10 0.47 + x x x 
20 0.93 + x x x M x 
30 1.40 x x x 
40 1.87 x x x x x 
50 2.33 x + 
60 2.80 x x x + 
75 3.50 x + 
90 4.20 x x + 
105 4.90 + + 
120 5.60 + + + 
150 7.00 + + 
180 8.4O + 
The experiment consisted of 10 replicates, each of 10 seeds/treat-
ment, from sowing until final transplanting. The seedlings were first 
transplanted into wooden boxes with fertile soil. This was done 4 
days after sowing for all series up to H72 and 5 days after sowing 
for E96. In HI44 the lids were removed from the petridishes after 96 
hours and the dishes supplied regularly with water to avoid desicca-
tion; this series was transplanted 7 days after sowing. 
Until this time the climatic regime for all series was maintained 
as during pretreatment, and was then changed into a day/night rhythm 
of 16/8 hours with corresponding temperatures of 23/l7°C. Transplant-
ing into pots took place after y ^ weeks, followed by final trans-
planting into the soil of a greenhouse at 50x70 cm spacing 1 week 
later. At this stage only those treatments having a high percentage 
of transplantable seedlings (asterisks in table 7) were retained. 
These were planted in 8 randomised blocks, each containing 12 plants 
per treatment; gaps were filled with plants of corresponding vigour, 
in order to avoid bias due to spacing differences. Fruit harvesting, 
31. 
fertility determination and study of the M„ generation were carried 
out as in exp.J. 
The following characters were recorded; 
Il._seedlin£ .stage (random sample of 20 seedlings/treatment, the same 
for all characters) 
- cotyledon length, 12 and 19 days after sowing; treatment means con-
verted to cumulative growth as in exp.l 
- length of the 1st leaf, 19 days 
- length of the 2nd leaf, 19 days 
- number of leaves >3 mm» 19 days 
- number of leaves with morphological or colour abnormalities 
J)l£we-rin£ s^ iLS®. 
- number of leaves "below 1st inflorescence 
- number of days to flowering 
Maturity (all surviving plants) 
- average weight of seeds/fruit in 1st and 2nd truss, and mean over 
both trusses 
- number of 'fertile' plants per treatment 
M^s^edling stag_e (2 truss progenies of all 'fertile' IL plants) 
- as in exp.3. 
4«3» The shape of the dose/response relationships 
In the preceding section the characters recorded were listed as 
much as possible in chronological order. In order to study the dose/ 
response relationships they are now regrouped as follows: 
- germination time; 
- growth characters; 
- developmental characters; 
- Mx fertility; 
- 1*2 characters. 
Growth characters are defined as characters expressing the in-
crease in length or weight of a given organ, whereas developmental 
characters are defined as those which concern the timing of the forma-
tion of new organs. Some characters, such as plant weight, are the 
result of both growth and development and their classification is 
somewhat arbitrary. 
In exps.3 and 4» the correspondence between the various I-L and M 
characters with regard to the shape of their dose/response relation-
ships was examined by means of the coefficients of correlation, based 
upon treatment means. 
32. 
The presentation of the results is confined to a summing up of 
the main characteristics of the graphs. An interpretation is given 
in the subsequent discussion. 
4.3.1. Results 
Experiment 1 
The data, expressed as percentages of the control values (table 
8), are presented as graphs denoted D. and E..; graphs denoted D? and 
Hp in some figures will be considered later. 
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2.8 + 0.01 
89 + 2.4 
23 +0.3 
39 + 0.7 
33 + 0.5 
3.8 + 0.01 
26 +0.5 
56 + 2.6 
295 + 14.2 
19 +2.3 
Gr£wth__chara£t_ers 
Cumulative root growth after 25 days (fig.3) responded almost 
linearly over most of the vital dose range, with a deviating tail at 
the highest doses in EL . 
Cumulative cotyledon growth after 25 days (fig.4) showed a dis-
crepancy between the two seriesj the curve of D, was concave, where-
as that of H, was convex in the upper part while tailing off at the 
high doses. 
The curves for length of the 1st leaf after 25 days (fig.5) were 
slightly convex up to medium doses though in D, this trend was part-
ly obscured ^oy the relatively large scatter of the treatment means. 
There was no evidence of a tail at the highest doses in either series. 
Cumulative stem growth after 25 days (fig.6) probably responded 
in both series with a very slight convex curvature at the lower 
doses; both curves shoi/ed a clear tapering off towards zero. 
Length of the 3rd leaf after 42 days (fig.7) decreased approxi-
mately linearly in D-^  except for a dip in the 1 krad treatment, and 
33. 
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34. 
possibly somewhat sigmoidally in H,. There was no pronounced tail in 
either series. 
The relationship between length (x in cm) and weight (y in mg) 
of the 3rd leaf vras exponential in both series (fig.8); the regres-
sion equations differed so slightly that log y = 5.0 + 2.50 log x 
may be considered to apply to both sets of data, showing that the 
length/weight relationship of the leaves was not affected by an inter-
action between irradiation and seed hydration. 
The best fitting linear and parabolic regressions on dose and the 
corresponding residual variances were calculated from the single plant 
data of the 0-7 krad D, treatments and the 0-2 krad E, treatments. 
This was done for all quantitative characters except weight of the 
3rd leaf and length of the 1st axillary shoot. 
The hypothesis that a parabolic regression would give a better 
fit than a linear regression was tested using the F-test. This test 
was highly sensitive because large numbers of plants were involved. 
Although for most characters there was some heterogeneity of variance 
between the treatments, the tests were performed as if the variances 
were homogeneous, firstly becav.se it is a matter of experience that 
these procedures are reasonably tolerant to heterogeneity of variance, 
secondly because the relationship between the mean and the standard 
error for a given treatment (dose) is unknoim and the data are insuf-
ficiently numerous to suggest a variance-stabilizing transformation. 
The results (table 9) demonstrate a significant curvilinearity for 
cotyledon length, 1st leaf length and stem length after 25 days 
(P^0.05) but not for root length after 25 days and length of the 3rd 
leaf or plant weight after 42 days (P>0.05). The regression equations 
(not shown) confirmed that all curvatures were convex except for 
cotyledon length in D,. 
Table 9 : Probability P of a parabolic regression on radiation dose 
not yielding an improvement over a linear regression in 
fitting experimental data after irradiation of dry (D-,) and 
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The dose/response relationships of the percentage of plants hav-
ing at least 1 leaf >3 mm after 18 days or a normal appearing shoot 
apex after 42 days (fig.9) seemed sigmoidal with a shoulder; the data 
suggest that the former character is a good indicator for the latter. 
Sigmoidal responses were also observed for leaf number after 18 
days (fig.10)j a clear shoulder appeared in D, but was not demonstrat-
ed in H,; the 2 krad D, treatment showed a slight increase over the 
control. Leaf number after 25 days (fig.ll) showed similar patterns, 
except that 3), had a higher threshold dose while increases over the 
control occurred up to medium doses. 
Length of the 1st axillary shoot after 42 days (fig.12) showed 
remarkable increases over the control in the 2 and 3 krad treatments 
of D,. This was due, at least partly, to an earlier initiation of 
axillary shoot growth in these treatments. No such increases over the 
control occurred in H,. Plant weight after 42 days (fig.13) responded 
very irregularly in D,, according to a pattern which was clearly in-
fluenced by the level of growth of the axillary shoots. It must be 
noted, however, that none of the treatment means of plant weight ex-
ceeded the control. This means that the increased lengths of the 1st 
axillary shoot at medium doses compared to the control must be attri-
buted to effects on apical dominance rather than to real growth stimu-
lation. The dose/response relationship for plant weight in H, was 
linear except for a tail at the highest dose. The last two characters 
are clearly governed by both developmental and growth processes. 
Exneriment_2 
The data, expressed as percentages of their controls (table 10), 
are shown by means of the graphs denoted D„ and H„. 
Table 10 '. Control treatment means + their S.E. Experiment 2. 
Character Days D-2 H? 
Root l e n g t h (mm) 4* 3 6 + 0 . 8 3 5 + 0 . 7 
Hoot length (mm) 25 69 + 1.8 68 + 1.9 
Cotyledon length (mm) 25 17 + 0.3 20 + 0.4 
Length 1st leaf (mm) 25 22 + 0.6 23 + 0.7 
Stem length (mm) 25 24 + 0.3 25 + 0.4 
Leaf number 25 2.7 + 0.06 2.7 + 0.07 
K
 after 50$ gemination 
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seedlings with >1 visible leaf, 18 days • • — 
plants with normal shoot apex. 42 days »» 
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The cumulative germination/time curves, some of which are shown in 
fig.14, were S-shaped for all treatments. These cumulative data, ex-
pressed relative to the final germination percentages which were unaf-
fected by radiation, yielded approximately linear regressions on log/ 
normal probability paper (not shown); the slope of these regressions 
did not change consistently with dose. The numbers of days needed to 
reach 50% germination were read from the transformed graphs and plot-
ted in fig.15. Germination commenced earlier in D« than in Hpj this 
was because the temperature during irradiation (23°C), to which D« 
was exposed in the dry state but H„ in the course of germination, 
was lower than the incubation temperature (27 C). The average germi-
nation time increased less than linearly with dose. A germination 
delay was observed even at a dose as low as 200 rad. The maximum de-
lay observed was larger in D_ than in H?. 
germination (•/•). D* 
10Oi 
days after sowing 
days to 50*/* germination 
5 i 
DM^O (Krod) 
fig. 14 fig. 15 
Gr£wth_chara£ters_ 
Cumulative root growth recorded in the petridishes 4 days after 
50% germination (fig.16) decreased almost linearly up to medium 
doses; this was followed by a tail at high doses. The curves were 
approximately straightened on log/normal probability paper (fig.17), 
showing that they resembled sigmoids. Moreover, these transformed 
regressions were parallel, demonstrating that the increased neutron 
effectiveness on 24 hours prehydrated seeds was fully explained by 
dose modification. 
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Cumulative root growth (fig.3» P«33) and cotyledon growth after 25 
days (fig.4) responded in both series with a smooth but pronounced con-
vex curvature up to medium doses; the data on Hp suggested the presence 
of a tail. 
Length of the 1st leaf after 25 days (fig.5) was affected only 
slightly up to medium doses, but decreased steeply and more or less 
linearly at higher doses, without a tail in either series. 
Cumulative stem growth after 25 days (fig.6) showed a clear 
shoulder followed by a steep decrease; the 0.5 krad EL treatment had 
a higher mean than the control; the Hp series suggested the presence 
of a tail. 
Developmental_ £haracter 
Leaf number after 25 days (fig.11, p.36) increased substantially up 
to half the lethal dose in both series; at still higher doses it decreas-
ed sharply. 
Experiment 3 
The data, wherever applicable expressed as percentages of the con-
trol (table ll), are shown graphically. The solid lines refer to cv. 
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Plotting the cumulative germination percentages against time on 
log/normal probability paper generally yielded a straight regression 
from which the time needed to attain 50% germination was read. Vari-
ance analysis of these latter data showed highly significant germina-
tion delay due to storage time, radiation dose and their interaction. 
Because varietal differences were insignificant, only the means of 
both cultivars are given (fig.18). Germination time increased less 
than proportionally with dose in H,, and in D, after 1 year of storage, 
but the relationship was about linear in the 'unstored' seeds of D, and 
a stimulation effect was observed in its 1 krad treatment. 
days to 50V» germination 
7 T 
• H , 
(O) 
0 = no storage 
1 = 1 year storage. 20" C 
H, 
fig. 18 




Cumulative cotyledon growth after 18 days (fig.19) responded sig-
moidally to dose; approximately straight regressions were obtained on 
log/normal probability paper (fig.20). 
Seedling weight after 18 days (fig.2l) decreased with a slight 
convex curvature up to medium doses in D,, though almost linearly in 
BL; the curves tended to tail off at high doses, especially in H,; 
these data conformed approximately to straight regressions on normal 
probability paper (not shown). The dose/response relationships of 
these quantitative seedling traits did not contain a shoulder. 
Bevelp£mental_ £haracter 
The io transplantable seedlings (table 12, columns b) showed in 
all series a dose/response relationship characterized by a broad 
shoulder, followed by a consistent decrease which was fairly sharp 
in BL. 
Table 12 : Effects of seed irradiation on quantal characters in 
•Moneymaker' and 'Glorie': (a) number of germinated seeds 
of each cultivar, retained at random; (b) fo transplantable 
seedlings; (c) 'fertile1 plants, fo of flowering; (d) 'fer-















































































































The 'fertile' plants, expressed as a percentage of flowering 
plants (table 12, columns c) decreased in a manner similar to the fo 
transplantable seedlings (columns b), but much more sharply. 
Because all transplanted individuals reached the flowering stage 
the products of the data in columns b. and c. represent the 'fertile' 
plants as a percentage of germinated (columns d and fig.22). These 
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data were the most suitable for judging the shape of the dose/res-
ponse relationships. Approximately straight regressions were obtain-
ed on normal probability paper (not shown); the data were also sub-
jected to probit analysis^ '' and by means of a Chi test found to 
be consistent with a probit model (P=0.25-0.66). 
The relationship between number and weight of seeds/fruit was 
slightly curvilinear, as exemplified in fig.23 for the 1st truss of 
'Moneymaker*. This was due to an increase with dose in the average 
weight per seed, up to about 120$ of the control in semi-sterile 
treatments. This curvilinearity is apparently due to a normal physi-
ological competition of seeds within a fruit and not specifically to 
radiation because a similar relationship between number and weight 
of seeds/fruit was found in unirradiated material (not shown). In 
spite of this slight curvilinearity the coefficient of linear corre-
lation over the treatment means (n=12), for each cultivar and each 
truss separately, was >0.99 (table 13); the character 'number of 
seeds/fruit' can therefore be represented by the much more practical 
character 'weight of seeds/fruit'. 
Table 13 ' Linear correlation (x) and regression (y=a+bx) between num-
ber (x) and weight (y in mg) of seeds/fruit, based on 
treatment means (n=12). Experiment 3« 
Cultivar Truss r y=a+bx 
'Moneymaker' 1 0.995 y = 13.4+3.40 x 
2 0.990 y = 13.6+3.14 * 
'Glor ie ' 1 0.993 y - 2.5+3.25 x 
2 0.996 y - 7.8+2.97 x 
Weight of seeds/fruit (fig.24) decreased almost linearly over 
most of the dose range in all series, but it tended to tail off at 
high doses. 
M„chara£ters 
Table 14 shows the treatment means of all M« characters, of each 
cultivar. Only the shapes of the dose/response relationships will be 
considered in this section. 
The i» non-germinating seeds (columns b) tended to increase with 
dose; except for an absence of response after the lowest doses in D 
of both cultivars, the dose/response relationships showed no consist-
43. 
Table 14 : Average M2 characteristics following fast neutron irradia-
tion of dry (D-*) and 24 hours prehydrated (H*) seeds of 
•Moneymaker' (M) and 'Glorie' (GL); (a) number of Mj_ 
plant progenies tested, each consisting of 2 truss proge-
nies; (b) non-germinating M2 seeds, fo of sown; (c) sub-
lethals unfit for mutant screening, °/o of sown; (d) number 
of mutations/100 M-j_ truss progenies; (e) mutant seedlings, 
krad 
of suitable for screening; (f) 
M2 categories (b+c+e). Experiment 3-
total io 
(a) 00 













































































































































































































ent deviations from linearity (fig.25). 
The $ sublethals (columns c) was appreciable in the control and 
increased slightly with dose. These increases were irregular and no 
consistent deviations from linearity could be demonstrated. 
44. 
The number of mutations/100 truss progenies (columns d) increased ir-
regularly with dose, as is usual with this character. In the D, series of 
both cultivars these increases could not be distinguished from linear in 
the lower dose range but showed marked downward deviations from linearity 
non-germinating M2 seeds.*/, ol sown 
25-| (mean of 2 cultivars) 
1 2 3 4 5 6 7 8 9 10 
'H 2 0 (krad) 
fig. 25 
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fig. 27 
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after 6 and 9 krad. In the H, series of 'Moneymaker' the increases 
showed a downward deviation from linearity, whereas in 'Glorie1 they 
were irregular, although suggesting the same pattern. The trends "be-
came more clear when the data on both cultivars were pooled (fig.26). 
The mutant seedlings were expressed as a % of seedlings suitable 
for screening because both non-germinability and sublethality mask the 
mutant phenotypes. This character (table 14» columns e and fig.27) 
showed a somewhat more regular and also more linear increase with 
dose than the preceding character, except in the D, series of 'Money-
maker'. This improved linearity resulted from a considerable increase 
with dose in the average 'fo mutant seedlings per mutated progeny, from 
14-18$ at the lowest doses to 24-25$ at the highest doses (fig.28). 
The total $ of all aberrant M„ categories, i.e. of non-germinat-
ing seeds, sublethals and mutant seedlings pooled (table 14, columns 
f), yielded dose/response relationships which were similar in shape 
to those for non-germinating seeds, but somewhat more regular. 
Correlation between responseiL £^ __<3i^ £er.eIL"{'>_c2iaXa£'*e.:r£ 
The coefficients of correlation between characters based on their 
treatment means reflect essentially the degree of correspondence in 
their dose/response relationships. These coefficients were calculated 
per cultivar and then averaged over both cultivars via the (r,z)trans-
formation^ '; the results are shown in table 15. 
In D,, the coefficients of correlation involving ultimate cotyle-
don length (l) were slightly lower than those involving seedling 
weight (2), but in H, the differences were inconsistent. The coef-
ficients of correlation among the 1^ characters (l-3) tended to be 
somewhat higher than those between the M^ characters on the one hand 
and the M2 characters (4-6) on the other; weight of seeds/fruit (3) 
showed the highest correlation with the M2 characters. The coeffi-
cients of correlation involving the $ non-germinating seeds (4) or 
the io mutant seedlings (5) were in most cases lower than those in-
volving the total io of all aberrant M2 categories (6). 
Exgeriment_4 
The results are shown graphically. Each graph is identified by 
the number of hours of prehydration. All graphs pertaining to a given 
character have a common origin, being the mean over all control 
valuesjthis was possible because these values (table 16, p.47) did 
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The percentages cumulative cotyledon growth after 12 days were vir-
tually identical to those after 19 days and consequently only the lat-
ter are shown (fig.29). The dose/response relationships were approxima-
tely straight up to doses reducing growth to <10%; beyond this thev 
48. 
tailed off. Any slight sigmoidal tendencies were overshadowed by irre-
gularities. 
In contrast, length of the 1st leaf after 19 days (fig.30) showed 
markedly convex responses at the lower doses, followed by linear de-
creases down to the lethal level, without evidence of a tail. 
Length of the 2nd leaf (fig.3l) showed a less curved dose/response 
pattern which was otherwise similar to that of the previous character. 
Developmental £haracaters 
leaf number after 19 days (fig.32) responded with a sharp linear 
decrease after a broad shoulder. 
The number of abnormal leaves/plant, i.e. of leaves containing at 
least 1 visible abnormality (fig.33)i tended to increase exponential-
ly with radiation dose, except that the curves of H3 and ED.2 levelled 
off at the highest dose. Of all the treatments retained after trans-
planting the high dose samples of H3 and H12 revealed the most pro-
nounced damage at the seedling stage. This suggests that the other 
curves would also have shown a flattening if higher doses had been 
used. This flattening of the curves apparently occurred at an average 
of 3-4 visibly abnormal leaves except after long pre-irradiation germi-
nation periods (H144) when this number must have been higher. The % 
transplantable seedlings was close to lOOfc in all treatments retained, 
except at the highest dose in the series H3 (80$), H48 (68$) and H72 
(85$); therefore no dose/response curves could be drawn. 
Leaf number below the 1st inflorescence (fig.34) increased approxi-
mately linearly with dose, though the D and H§- series suggested a 
slight upward curvature. Downward deviations from these trends occur-
red at the highest dose in most series; the absence of such deviations 
in D and H% was possibly due to an insufficient range of doses. The 
tendencies towards saturation seemed to start at lower leaf numbers 
as pre-irradiation germination times were longer. 
Flowering delay (fig.35) showed upwardly curved dose/response re-
lationships except for a deviating point in H3 (0.93 krad); though an 
upward curvature was not pronounced in the D series, a parabolic re-
gression nevertheless yielded a significantly higher coefficient of 
determination r2 than a linear equation. 
The difference in shape between the dose/response graphs of leaf 
number below the 1st inflorescence and flowering delay indicates an 
increase in the average plastochron at the highest doses studied and 
especially, according to fig.32, in those treatments that had after 
49. 
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19 days a substantially lower leaf number than the control. This sug-
gests that the 'extra1 flowering delay at the highest doses should be 
attributed essentially to a retarded early development and not to a 
slower development throughout. This was analysed by dividing, per treat-
ment, the flowering delay by the sum of the deficit in leaf number af-
ter 19 days and the increase in leaf number below the 1st inflorescence, 
both in relation to the control. The quotients (table 17) constitute 
the hypothetical average plastochron of those leaves that make up the 
difference between the treatment and the control since the 19th day, 
assuming the average plastochron of the other leaves to be the same as 
in the control. These quotients do not increase consistently with dose, 
showing, indeed, that the retardation in leaf differentiation must have 
been limited to the very early seedling stage. 
Table 17 : Quotients representing flowering delay divided by the differ-
ence between an irradiated treatment and its control in res-
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The io 'fertile1 plants (fig.36) decreased steeply with dose after 
a pronounced shoulder. 
Veight of seeds/fruit (fig.37) decreased linearly with dose, with 
possibly a slight sigmoidal tendency in some series. The dose/res-
ponse relationships for this character were more regular than for 
any of the previous characters. 
M_ characters 
The fi non-germinating Mg seeds (fig. 38) and the i sublethals (fig. 
39) both increased irregularly with dosej no consistent deviation 
from linearity could be demonstrated. 
The number of mutations/100 M^ truss progenies (fig.40) and the 
io mutant seedlings (fig.4l) increased linearly with dose and more 
regularly than the preceding M2 characters. 
As expected from the foregoing, the total $ of all aberrant M 
categories (fig.42), i.e. of non-germinating seeds, sublethals and 
mutant seedlings, also showed linear dose/response relationships. 
These were more regular than for any single Mg character; the only 
exception was the H6 series in which the I.40 and 1.87 krad treat-
ments had particularly high values resulting chiefly from unexplain-
ed, high percentages of non-germinating seeds and mutant seedlings. 
.Correlation between responges. of_different__chara£ters 
The coefficients of correlation between the quantitative charac-
ters were calculated over the means of all treatments in the series 
D, H£, H3 and H6 (table 18). Combining the data of these 4 series 
was justified by the fact (to be demonstrated later, section 4.6, 
p.83) that up to H6, the degree of sensitization by prehydration was 
similar for all characters, and that consequently the regressions be-
tween the various characters were not systematically affected. The 
high number of experimental points thus obtained permitted a much 
sharper comparison of r-values relating to different characters than 
in exp.3» 
The coefficients of correlation involving cotyledon length after 
12 days were almost identical to those involving ultimate cotyledon 
length recorded after 19 days, and the same set of r-values (l) 
presents both characters. Most coefficients involving length of th 
1st leaf (2) or of the 2nd leaf (3) were lower than those involving 
cotyledon length. Also the coefficients of correlation involving th 
5 2 . 
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number of abnormal leaves/plant (4) were with some exceptions some-
what lower than those involving cotyledon length. Leaf number below 
the 1st inflorescence (5) usually yielded somewhat lower r-values 
than days to flowering (6). 'The latter had generally the highest re-
values of all I-L characters, closely followed by cotyledon length 
and weight of seeds/fruit (7). 
The r-values involving the $> non-germinating seeds (8) were sub-
stantially higher than those involving the tf> sublethal seedlings (9), 
as would be expected from the irregular dose/response relationships 
of the latter. The r-values involving mutation/100 1^ truss proge-
nies (10) were consistently lower than those involving the fo mutant 
seedlings (ll). Finally, the coefficients of correlation involving 
the total fo of all aberrant categories (12) were generally slightly 
higher than those involving each category separately (8, 9 and ll). 
Actual numbers of non-germinating M2 seeds, sublethals or mutant 
seedlings yielded considerably lower r-values (not shown) than the 
same data expressed as percentages. 
4.3.2. Discussion 
Germiiiation ca£ac^y_and_germinationJkime 
The absence of a radiation effect on germination capacity cor-
responds with similar observations on fast neutron irradiated barley 
seeds^"2 , thermal neutron- and X-irradiated Melilotus seeds' ^ % 
X-irradiated tomato seeds w " and rice seeds, except at lethal doses 
(13-)
 an<i seeds of other species. These findings are explained by the 
fact that the rupture of the seedcoat generally depends chiefly or 
entirely upon cell elongation, which is highly radiation resistant 
(79,81) 
The consistently linear regressions of cumulative germination f 
against time on log/normal probability paper demonstrate that the 
distribution of log.germination time is about normal; consequently, 
the distribution of germination time itself is markedly skew. The 
fact that the transformed linear regressions were almost parallel 
for all treatments (exp.2) suggests that the germination delay of 
the individual seeds in a neutron irradiated sample is directly pro-
portional to the germinative power of the same seeds when in an un-
irradiated condition. 
The median germination time generally increased with a power <1 
of the dose. The linear relationship in the D? series (exp.3), goWn 
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3 days after irradiation, is apparently exceptional, because the usual 
curvilinear relationship was found with the same material sown after 
1 year of storage. 
This downwardly curved relationship was also observed with radia-
(37) tions of low ionisation density^1', and is similar to that found for 
the delay of first cleavage in sea-urchin eggs (Henshaw et al., treat-
ed by Lea'112 , and for division delay in various other organisms. 
In Henshaw!s experiment, the delay was due chiefly to a prolongation 
of prophase, which Lea attributed to the destruction by radiation of 
a nuclear constituent necessary for chromosome condensation, followed 
by recovery when this constituent was reformed as a result of meta-
bolic activity of the cell. Whatever the exact nature and degree of 
specificity of the damaged sites or functions, the striking differ-
ence between the observed dose response pattern for these delays and 
the relationships commonly found for genie and chromosomal effects 
(8,112,171)
 SUggests that germination delay results primarily from 
damage to non-genetic targets. 
The rather high radiosensitivity of the systems concerned is in-
dicated by the fact that a delay vas observed at a dose as low as 200 
rad (exp.2). This excludes the possibility of enzyme molecules being 
a major target, because such molecules are known to be highly radio-
A . , (8,186) resistant in vivov ' 
The proper regulation of the numerous processes involved in germi-
nation is ensured both by the seedcoat and by many intracellular and 
intraorganellar membranes. The seedcoat plays an important role in 
water uptake and gas exchange and provides mechanical resistance to 
untimely embryo expansion. Radiation is unlikely to have a major de-
trimental effect on these processes, except in special instances when 
inhibitory substances are mobilised. Bacq and Alexander^ 8 \ Alper^ 5 \ 
G0lQfeder( 76,77 ) an(i others assume on the basis of diverse evidence 
that, in addition to the hereditary material in the nucleus, intra-
cellular membranes are a major target of radiation action. Radiation 
induced germination delay can then be attributed chiefly to the dis-
turbed permeability properties of damaged membranes. This hypothesis 
is consistent with the many known examples in which the uptake or the 
release of substances is enhanced by radiation*2'8*35". It could ex-
plain the high radiation sensitivity of germination speed, because 
enzyme 'leakage1 disturbs the regulation of the biochemical processes. 
Further, membrane damage could explain the characteristic^ less-than-
56. 
proportional increase in median germination time with dose, assuming 
that the disturbing effect is less than proportional to the number of 
•leaks' produced, and that consequently the rate of recovery is more 
than proportional to the dose. With irradiation of prehydrated seeds, 
as opposed to dry seeds, a number of critical processes are likely to 
have taken place before irradiation; furthermore, repair of membrane 
damage probably begins even during irradiation, due to the high meta-
bolic activity at the prevailing temperature (23 C). Consequently, 
germination delays will be smaller in prehydrated seeds than in dry 
seeds unless the above factors are outweighed by increased amounts 
of certain kinds of primary damage. 
This was apparently not so in exp.2 in which maximum germination 
delays were much larger after irradiation of dry than of prehydrated 
seeds. The results of exp.3, which showed comparable delays in both 
series, are not necessarily contradictory, as in this experiment the 
dry irradiated seeds were sown after 3 days storage at room tempera-
ture. Contant and Dankert'51' have observed with Arabidopsis a sig-
nificant reduction in Y-ray induced germination delay by storage for 
periods of up to 53 hours at -20°C, and an insignificant but con-
sistent reduction in fast neutron induced delay. Consequently, it is 
possible that the delays in the dry seed series of exp.3 were lower 
than they would have been without storage, particularly as the seeds 
were stored at a much higher temperature than in the Arabidopsis ex-
periment. 
The extent of genetic damage induced by fast neutrons is usually 
unaffected by post-irradiation storage^4 or is slightly enhanced 
^ \ whereas genetic effects of X- or Y-radiation may be strongly 
enhanced, depending on seed moisture content and temperature during 
gtor (42, fe"» 83, 991 13°)t Thus, the above observation by Contant 
and Eankert provides further evidence for the non-genetic nature of 
radiation-induced germination delay when sowing takes place within 
days after irradiation. 
In contrast, prolonged (l year) post-irradiation storage at room 
temperature had a very detrimental effect on germinative power; this 
effect increased with dose, suggesting that radiation damage con-
siderably increases the rate of ageing of the seeds, and vice versa. 
The changes occurring with age are many and involve both physiolo-
gical and genetic components and strong interactions between them^ 45 ), 
Such changes include accumulation of toxic substances, coagulation 
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(38 39) 
of proteins, disappearance of stored foodsv ' , oxidation proces-
ses and reduction in enzyme activity^ ' ', increased exudation^ ' ', 
,. (38,41,137,138,161) 
accumulation of chromosome aberrationsv> '^  ' •"' ', accumula-
tion of point mutations'4 ' , degeneration of the nuclei^5 ,59'. 
The interdependence of radiation damage and ageing has been demon-
04,127,140,161,162) _. _ ._ 
strated by several authors^' " ** » ' '. The frequently ob-
served decrease, following prolonged storage, in the percentage mu-
tants among the germinating seeds of segregating progenies*-57', is 
probably an example. It can be assumed that both natural and radia-
tion-induced ageing involve a decreasing integrity of cellular struc-
tures and increasing frequencies of chromosome aberrations and muta-
tions and that there are strong interactions between all these com-
ponents of deterioration. 
A stimulation of germination was observed only in the 1 krad dry 
seed treatment of exp.3; no stimulation at all occurred in exp.2 not-
withstanding the wide range of high and low doses tested. This dif-
ference may be associated with the fact that the seed-lot used for 
exp.3 germinated more slowly than that used for exp.2. The inconsist-
ency of these data is in agreement with general experience^91'102), 
and is due to inadequate control over the more important variables. 
The stimulating action of radiation on germination is generally held 
to be due to a shortening, or breaking, of seed dormancy(91'cf-19°). 
Dormancy is frequently associated with properties of the seedcoats 
which in many species act as selectively permeable membranes159'105'120). 
Various treatments which are able to reduce or break dormancy in-
crease the permeability to water; other effects may also occur, such 
as improved gas exchange and the elimination of germination inhibi-
tors^105). It is quite possible that radiation could stimulate germi-
nation in similar ways, especially in those cases where fairly high 
doses are needed. However, changes in the permeability of intracel-
lular membranes in both the endosperm and the embryo, and other ac-
tivating mechanisms, may also be involved ' ' >. 
Because there is no radiation dose which produces exclusively 
favourable effects, the radiation stimulation of germination is like-
ly to be very sensitive to the formation history of the seeds, the 
radiation dose, the duration and conditions of pre- and post-irradia-
tion storage and the conditions of germination. Thus, the absence of 
stimulation in the 1 krad treatment of exp.3 after 1 year of storage 
suggests that the initially favourable balance of effects had been 
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gradually eliminated by the increased rate of ageing due to radia-
tion damage. 
Growth characters 
The dose/response relationships of the characters recorded after 
25 days in exp.2 were much more strongly curved up to medium doses 
than those of the same or similar characters in the other experi-
ments, and of cumulative root growth recorded at the petridish stage 
in exp.2. These differences are probably related to the experimental 
conditions after transplanting, notably those of the rooting media, 
which were clearly sub-optimal in exp.2, more favourable in exp.l 
and very favourable in exps.3 and 4 (cf. the control values). A given 
set of sub-optimal nutritional conditions imposes more severe growth 
restrictions on plants with a high growth potential than on those 
with a low growth potential. This means that, under sub-optimal con-
ditions, the proportion of artificial growth restriction is the high-
est in the control and is progressively less with increasing dose. 
As ? result, the dose/response relationships must become increas-
ingly more convex as nutritional conditions become less favourable, 
which is in agreement with the observed facts. In this connection, it 
must be stressed that the plant's requirements change throughout its 
life and that a nutritional situation which is optimal at an early 
stage may be grossly sub-optimal later. Apart from the quality of the 
substrate, spacing is undoubtedly a major factor. 
Such sub-optimal conditions may lead to shoulders in the dose/ 
response relationships which would be absent under more favourable 
conditions; this is exemplified by cumulative stem growth in exp.2 
as compared with exp.l. Changes of this kind will unavoidably affect 
the choice of mathematical functions for describing the dose/response 
relationships or for transforming these to linear regressions. Such 
lack of consistency hampers the estimation of the average genetic 
effectiveness of radiation treatments, and is particularly serious 
when an attempt is made to derive models on fundamental radiobiolo-
gical mechanisms or cell proliferation kinetics from these dose/ 
response relationships. This will be illustrated on 5.64, using the 
developmental character leaf number. 
Except for variables connected with the irradiation treatment, 
radiobiological experiments are usually performed under one set of 
cultural conditions which are often governed by convenience; the pres-
ence of growth limiting factors is by no means exceptional. Under 
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these circumstances, it is conceivable that the differences in the 
shapes of dose/response curves of comparable characters encountered 
in the literature and even published by one author' ,1:^> 131) 
might be due partly to unnoticed interactions of this type. To avoid 
this risk, i^_is_advisable_to_use_both_^uantitatively and qualitative-
2v_£Pi«?-l_»fi}-i~£-£--i--2i-£iM®f.££_grow'tl1 i n a 1 1 biological ex-" 
£-£i^®i?'i^_ii?If2Zi£^£-~-~ii-iL°£_l'I}y_°i^®f_yariable which may cause 
differences in endogenous^growth^otential. 
The dose/response data on cumulative root growth at the petridish 
stage (exp.2), cumulative cotyledon growth (exps.l, 3 and 4), and 
cumulative stem growth (exp.l) could be fairly well represented by 
straight lines when plotted on log/normal probability paper. In con-
trast, the data on leaf length (exps.l and 4) and seedling weight 
(exp.3) yielded approximately straight lines on normal probability 
paper. This difference is associated with the observed tendency to-
wards a more pronounced tail in the dose/response curves of the 
former characters than in those of the latter characters. It must be 
remembered that the former characters concern organs which are fully 
differentiated and of appreciable size in the mature embryo. These 
organs (the root, the hypocotyledon and the cotyledons) grow by means 
of (a) cell elongation prior to or in the absence of any cell divi-
sion, and (b) cell division and subsequent elongation of the daughter 
cells. Although these two components are not strictly independent 
(154»165)
 i t i s assumed for the present purpose that each has its 
own dose/response relationship. The component (a) has a much higher 
radiation tolerance than (b) in which the relatively high sensitivity 
to the inhibition of cell division is the limiting factor. A model 
(fig.43) shows the effects of irradiation on total growth (a+b), under 
the assumptions that in the unirradiated control 20^ of the total 
growth is due to (a) and BOfc to (b), and that both growth components 
decrease with dose according to a normal sigmoid, i.e. linearly on 
normal probability paper, (a) reaching about zero after 12 krad and 
(b) after 4 krad. The curve for (a+b) is seen to have a strongly ex-
tended tail. The length, height and shape of the tail may be varied 
according to the proportion of total growth in the control attributa-
ble to (a) and the relative sensitivity of the 2 components. This 
model may be used as a tentative representation of cumulative cotyle-
don growth, as for example in the rd± scries. It must be noted that a 
'reversal' at very high doses, as occurs in seedling height in 
60, 
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maize^ •*' ' ' or barley^ ^ , has not been observed in tomato. 
The dose/response curves for cumulative cotyledon growth in the 
present experiments were obtained by subtracting from all treatment 
means the mean length attained at a lethal dose (6 krad in II,). If the 
same procedure is followed with the model in fig.43» a dose/response 
curve corresponding to that part of (a+b) lying above the line C, is 
produced. 
In order to simulate the experimental procedure further, points 
on this part of the curve were plotted on log/normal probability 
paper (fig.44), after the y-axis had been adjusted in such a way that 
the intersection with C become 0?o. The points appear to be well re-
presented by a straight line, showing that it would require very small 
standard errors indeed to demonstrate that a log/probit transforma-
tion function is not appropriate to these data. In other words, this 
model shows that the growth of the primary root, the hypocotyledon 
and the cotyledons may well respond to radiation in the same manner 
as that of subsequent organs, i.e. according to a pattern described 
approximately by a normal sigmoid, and that the apparent discrepancy 
can be explained by the confounding of two or more growth components 
which differ considerably in radiation tolerance. 
Applying transformations to obtain straight regressions with ex-
perimental data may be very useful for descriptive purposes or for 
estimating certain parameters such as the median effective dose or 
the steepness of the response. Though the transformation functions 
need not correspond exactly to biological reality, they must allow 
reasonably consistent results to be obtained. In this connection it 
is important to note that, in cases resembling that of fig.45» the 
shape of the curves will be altered by conditions or treatments which 
markedly affect one growth component but not the other. In such situ-
ations, detailed knowledge of the biological reality is essential if 
erroneous interpretation is to be avoided. 
Further studies under standardized conditions would be needed to 
determine the optimal position of line C for a given character, i.e. 
of the 'cut off point in the curve permitting the most accurate esti-
mation of growth due to component (b). In the present experiments, the 
'cut off dose, chosen somewhat arbitrarily at 6 krad on prehydrated 
seeds, was almost certainly too high. 
The extent to which the elongation of embryo cells contributes to 
the total length of an organ at the time of recording depends upon 
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the species and the organ concerned, the growth period prior to re-
cording or to organ maturity, the radiation dose and the conditions 
of culturing. For instance, cotyledons of tomato cv. 'Moneymaker1 
have a length of l£-2 mm in the embryo, of 6-J-8 mm at the end of 
their growth in the absence of cell division (lethal dose), of 20-30 
mm in the control under unfavourable conditions and of 40 mm or more 
under favourable conditions. With this and similar characters, fail-
ure to convert length to net growth before expressing the data as 
percentages of the control will lead to an erroneous representation 
of the dose/response curve, and, more seriously, to false estimates 
of radiation effectiveness parameters, such as the EILQ. Unfortunate-
ly, this error occurs in the otherwise admirable IAEA-sponsored inter-
national programme on the biological monitoring of neutron facilities. 
In this programme, based on a standard stock of Himalaya barley and 
on procedures employed at Washington State University* •", the main 
character recorded is the length of the 1st leaf after 5-6 days of 
growth, which is expressed directly as a fj of the control* ' . 
The radiation effectiveness is usually characterized by what is be-
lieved to be the ED^^. As shown clearly in several communications of 
results obtained by this procedure* 8»129»130»131^
 a l l curves per-
taining to the f? seedling height or root length (not % growth, as 
stated*- • '') decrease asymptotically towards values varying be-
tween 10 and 30$ of the control. Consequently, the doses correspond-
ing to the 50^ point on the ordinate are not only erroneous estimates 
(always overestimations) of the real EILn's, but are also not com-
parable with each other because of differences in the amount of error 
resulting from differences in 'residual length'. In future, this source 
of error may be reduced sufficiently for most purposes by subtracting 
from all treatment means the length at which the growth curve ap-
proaches the horizontal. 
Although a model based upon normal sigmoid dose/response curves 
can not take into account all variables (see below), no attempts have 
yet been made to describe and interpret the effects of neutrons on 
organ growth by a model of the meristem cell population kinetics, as 
has been done for X-irradiated roots*- ' , Any endeavour in this di-
rection should be accompanied by cyto-histological studies of D1TA 
synthesis (^H-thymidine incorporation), mitotic frequencies and mito-
tic cycle times in the various zones of the shoot apex. Such studies 
are much more complicated than similar studies on the root apex, due 
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to the more varied destination of shoot meristem cells and the insuf-
ficiently understood and flexible delimitation of the meristematic 
zones generating the successive leaves. The absolute need for both 
standardized and optimal conditions must be stressed again in this 
connection, not only with regard to nutrition, but also to light in-
tensity in view of its profound influence on the degree of cell elon-
gation. 
At present it must suffice to say that the shapes of the dose/ 
response curves for growth characters are determined by (i) cellular 
repair at the lower doses, (ii) cell death and replacement at higher 
doses, (iii) between-cell variation in radiation sensitivity, (iv) 
the interdependence of cell division and elongation in relation to 
the dose^cf,154»165) and (v) statistical considerations^ " '. 
Developmental characters 
The presence or absence of at least 1 leaf >3 mm after 18 days, a 
normal terminal apex after 42 days (exp.l), sufficient vigour for 
transplanting (exp.3), and^24 seeds/truss (exps.3 and 4) are quantal 
response £haracters. Each plant can be characterized by its radiation 
tolerance; this is the dose under a given set of conditions, below 
which the quantal effect does not occur and above which it does oc-
(63) 
curv . If the distribution of these tolerances is normal, the dose/ 
response relationship of the cumulative ft individuals showing the ef-
fect is a normal sigmoid, and a straight regression is obtained on 
normal probability paper. As far as could be ascertained, the dose/ 
response relationships of all quantal characters were consistent with 
this model. This corresponds with common experience, both in pharma-
cological and toxicological assay^° ' •*' and in radiobiology^ ' ',->• ,^ 
The width of the shoulder in the curve depends chiefly upon the sensi-
tivity of the material and the nature of the character; the lower the 
vitality requirements for classification as normal, the wider the 
shoulder. 
The leaf number after 10 or 25 days (exps.l and 2), and 19 days 
(exp.4) belongs to a category of developmental characters which may 
be termed 'quantitative discrete1, having a multinomial distribution 
within each treatment. Its dose/response relationships had marked 
shoulders reflecting a relatively low radiation sensitivity. The oc-
currence of mean values exceeding the control in exps.l and 2 clearly 
distinguishes the curves from true sigmoids. 
These increases were not associated with increased vigour because 
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length of the 1st leaf (exps.l and 2), the 3rd leaf or plant weight 
(exp.l) were reduced in all treatments. The increases over the con-
trol were small in exp.l and very large in exp.2; no increases were 
found in exp.4. This strongly suggests an inverse relationship be-
tween the magnitude of this phenomenon and the nutritional conditions 
(see p.53). Two subsequent experiments^'' have confirmed the absence 
of any increase in leaf number under optimal conditions. 
At any given time, sub-optimal nutritional conditions cause the 
greatest amount of physiological growth restriction in material hav-
ing the largest endogenous growth potential, i.e. the control. This 
restriction becomes less with decreasing growth potential, i.e. with 
increasing dose (p.58). Because growth inhibition by environmental 
factors also affects the rate of leaf differentiation, the observed 
increases in leaf number after irradiation are probably due to rela-
tively strong restrictions in the control rather than to stimulation 
in the irradiated treatments. This interpretation is supported by 
the observation that the threshold dose for leaf number in both se-
ries of exp.l increased from 18 to 25 days after sowing, i.e. as nu-
tritional factors become more strongly limiting. Similarly, the ab-
sence of a peak in leaf number after 25 days in the H. series of exp. 
1, as opposed to the D, series, may be attributed to the adequacy of 
nutritional conditions in the former series, due to its less advanced 
stage of growth as a result of a lower light intensity. This inter-
pretation implies that at this stage light was not a limiting factor 
in any of the IL, treatments. This does not exclude the possibility 
that differential effects of light intensity, e.g. in association 
with spacing, would have appeared at a later stage of growth. 
Increased rates of leaf differentiation by the factors described 
above may lead to other effects which, if considered apart, might 
also be erroneously attributed to stimulation by radiation or, in 
less extreme cases, to an absence of response. This would apply par-
ticularly to the moment of transition to the generative stage, which 
in turn would determine both the timing and rate of axillary shoot 
formation and the number of days to flowering. A slightly advanced 
flowering, found in tomato plants grown in small pots after thermal 
neutron irradiation of hydrated seeds^ ', may have been due to this 
relationship. The earlier onset of growth of the first, axillary jshopt. 
in the 2 and 5 krad D, treatment of exp.l also suggests a relation-
ship with the advanced leaf differentiation after 25 days in these 
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treatments. The close spacing of 15x20 cm between the 25th and 42nd 
day is thought to have been responsible for the fact that a slight 
advance in axillary shoot initiation led to their markedly greater 
lengths after 42 days (etiolation). Clearly, none of the data sug-
gests the involvement of true stimulation. 
Increased axillary shoot formation and -growth has also been re-
ported by Johnson for a large number of species, including tomato, 
after X-irradiation at the seedling stage^,° ', and for wheat after 
irradiation of dry and soaked seeds^''. Similarly, MacKey has found 
a strongly increased tillering in X-irradiated barley and wheat^ ' 
which he attributed to the improved light and spacing conditions among 
surviving plants due to the high killing rate at high doses. In con-
trast, he found no increase in tillering after neutron irradiation 
and explained this by the low killing and the uniform reduction in 
growth potential induced by this type of radiation as compared with 
X-rays. Gottschalk and Imanr ' found very considerable increases in 
tillering with dose in X-irradiated wheat species, but on good grounds 
attributed these chiefly to the disorganisation of normal correlative 
development by the destruction of cells in the meristem of the shoot 
apex, and only to a minor extent to the factor advanced by MacKey. 
The interpretation of the present increases over the control is 
essentially in accordance with MacKey. In addition, it is shown that 
increases in axillary shoot formation need not be restricted to radia-
tion treatments showing a reduction in plant survival but may be pro-
duced already by a reduction in vigour. Furthermore, the phenomenon 
is not necessarily connected with restrictions in light and spacing 
but also with restricted nutrient supply. Finally, it should be point-
ed out that MacKey's interpretation implies that in his experiments 
the conditions for development were grossly sub-optimal for the con-
trol and at the lower doses. 
The present data do not permit an evaluation of the possibility 
that a partial disorganisation of the development-coordinating func-
tion of the shoot apex, as proposed by Gottschalk and Imanr ', might 
also have been involved. 
It is concluded that stimulation should be studied both under 
convincingly optimal conditions and on the plant as a whole, rather 
than on one particular plant character (e.g. tillering or yield). 
Though the findings of single character studies may be of great prac-
tical value under the conditions of testing, they generally contri-
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bute little to our understanding of the nature of radiation stimula-
tion and may lead to misinterpretation. 
It is considered inappropriate to use the term 'radiation stimu-
lation1 in those cases where the stimulation effects are the indirect 
consequence of radiation-induced damage at other sites in the plant, 
especially when this damage occurs at the organ or meristem level. 
If_radiation_stimulation_is_defin^ 
The number of abnormal leaves £er M, p_lant is a result of both 
induced cytoplasmic and dominant genetic aberrations and of cell se-
lection in the different zones of the shoot meristem. It was observed 
that abnormal sectors were both the smallest and the most numerous in 
the earliest leaves, and were progressively larger but less numerous 
in subsequent leaves. This is a logical consequence of the fact that 
the first leaves originate from relatively large numbers of predis-
posed embryo cells whereas subsequent leaves originate from progres-
sively fewer initial cells. 
The upward curvature in the dose/response relationships pertain-
ing to the number of abnormal leaves/plant, up to an average of 3-4 
such leaves, is explained by considering that the likelihood of de-
tecting abnormal sectors increases with their size, i.e. from the 1st 
leaf upwards, and consequently also more than proportionally with 
dose owing to an 'interaction* between independently damaged initial 
cells in producing a visibly aberrant leaf. The subsequent saturation 
of the curves suggests that the 4-5th and subsequent leaves are formed 
from largely undifferentiated cells. Here, there are improved chances 
of cell replacement and those cells carrying gross aberrations are 
eliminated. These results and their interpretation are in agreement 
with Mertens and Burdick^ ^' and with Shapiro^ '. The latter 
author recorded the frequency of tomato plants with sectors of ab-
normal colour in the 1st, 2nd .. up to the 6th leaf, after irradia-
tion of seeds heterozygous at specific loci governing leaf colour. 
He found a pronounced increase in frequency from leaf 1 to 4 which he 
attributed to an increasing likelihood of detection; this vas follow-
ed by a marked decrease up to leaf 6, explained by the supposition 
that 'cells which are destined to become leaves J, 4 and 5 can proba-
bly sustain a larger amount of damage than those cells that will be-
come leaf 6 and onwards'. This supposition should be modified by plac-
ing greater emphasis on cell interrelationships in connection with 
67. 
their degree of differentiation and position in the meristem. The 
proper analysis of these factors is extremely complex. 
Leaf number below the 1st. infJL£res£ence (exp.4) is a developmental 
character marking the transition from the vegetative to the generative 
stage. It may be regarded as a growth character in so far as it is 
influenced by the growth and the ultimate size of the leaves. The in-
creases in the lover dose range should be regarded as physiological 
consequences of permanent radiation damage which has affected leaf 
size. The tendency towards a levelling off at higher doses in most 
series may have resulted from a counteracting (i.e. flower promoting) 
effect associated with the earlier leaf maturation which accompanies 
reduced leaf growth after fast neutron irradiation. This hypothesis 
is in accordance with De Zeeuw^ ' who found that an increased ratio 
of mature to growing foliage promoted the initiation of flowering in 
day-neutral species, including the tomato. 
When the retardation in flowering at the highest doses could not 
be explained by increased leaf numbers, it was apparently due to a 
delay in the early development of the seedling. This can hardly be 
attributed to germination delay because the dose/response relation-
ship of this character was shown not to correspond with that pertain-
ing to the deficit in leaf number after 19 days. Cell division delay 
due to reparable causes cannot be invoked either, because it follows 
a dose/response pattern resembling that of germination delay (see 
p.55). The retardation in early development above a threshold dose 
is thus probably due to cell elimination resulting from an accumula-
tion of chromosome damage, followed by gradual recovery of the meri-
stem by cell substitution. 
Infertility 
The general linearity of the dose/response relationships for 
weight of seeds/fruit suggests a closer connection with the lip charac-
ters than with the somatic IL characters. This is plausible, because 
both the failure of seed formation and the functional abnormality of 
1I? seeds or seedlings are caused by aberrations induced in those few 
cells of the embryonic shoot apex which generate the sporogenic tis-
sues of the 1st and 2nd truss. 
An approximately linear reduction in seed set with dose has been 
(11 15 99 119 131 ^  
reported for various other plant speciesv ' ^ ^ i " ; ! ^ * i^ although 
spacing effects can interfere^ '. 
Generally, radiation-induced reductions in fertility are attri-
68. 
buted to chromosome aberrations. Gaul^ •' "' using "barley and Bora 
(15) 
et al.v •" using PIantago ovata have found that cytologically de-
tectable translocations explain a noticeable part of the radiation-
induced sterility, though small deficiencies and inversions, not de-
tectable cytologically, probably play an even more important part in 
both pollen and ovule sterility. On the other hand, the sterility in-
duced by various chemical mutagens, such as ethyl-methane-sulphonate 
and diethyl-sulphate, is hardly associated with detectable aberra-
tions^54'107'124'142'157). With ionizing radiation, therefore, but 
not necessarily with chemical mutagens, M, seed set reduction can be 
regarded as a representative measure of the 'sum1 of chromosomal de-
fects that are able to persist in the somatic tissues but are elimi-
nated during either gamete formation or early embryogenesis^ * . 
Even so, the possibility of maternal-physiological effects on gamete 
functioning cannot be altogether excluded. In fact, such a component 
would explain the slight convex curvatures in the lower dose region 
of some of the dose/response relationships for weight of seeds/fruit 
(exps.3 and 4)« The tendencies towards a tail at the highest doses 
(exp.3)» also found by others^ ' , could be due to a bias result-
ing from the elimination of very weak seedlings at transplanting. 
This assumes a slight positive relationship between vegetative vigour 
and the degree of fertility for which there is some evidence (section 
4.7> pJL05). Alternatively, these tails might have been either created 
or accentuated by the randomness of lethal events, causing an in-
creasing wastage with dose on cells that had already been lethally 
_. . ,(cf.8 Ch.3) 
affected"" " . 
M„ characters 
The irregular nature of the radiation responses of the percent-
ages non-germinating Mp seeds and sublethals are partly due to their 
low mean frequencies, their heterogeneous origin and their dependence 
upon environmental conditions. Variation in response of all M„ char-
acters, including mutant frequency, is also due to the relatively 
small number of seeds tested per progeny and, in most treatments, to 
the restricted number of progenies. These limitations are imposed by 
practical considerations and are usually unavoidable. 
The establishing of correct dose/response relationships is fur-
ther complicated by the fact that their theoretical shape depends 
also upon the assumptions made. If, for instance, the non-germinating 
seeds and sublethals are assumed to be manifestations of the same 
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genetic events, both categories should be expressed as percentages of 
seeds sown; if on the other hand they are thought be to caused by in-
dependent events, the sublethals should be expressed as percentages 
of seeds germinated and this will affect the shape of their dose/ 
response relationships. In principle, these alternative assumptions 
could be tested, because, in the case of neutron irradiation, all 
types of aberrations generally respond linearly to the dose (see be-
low). Because the present data are too variable for this purpose, it 
must suffice to say that the dose/response relationship of non-germi-
nating seeds and sublethals could not be shown to differ from linear 
(exps.3 and 4). 
The number of mutations/100 M, truss progenies increased less than 
proportionally to the dose (exp.3). This was associated with sharp 
increases in the mutant segregation fo and may therefore be attributed 
chiefly to a decreasing chimerism resulting from a progressive elimi-
nation of initial cells at higher doses. The greatly improved linear-
ity over the whole dose range which was obtained when this character 
(66) 
was replaced by the fo mutant seedlings, is in agreement with Gaul^ ' 
who has shown that this latter character, in contrast to the former, 
is insensitive to differences in the degree of chimerism. 
However, considering that all semi-sterile M. plants (<24 seeds/ 
truss) were excluded from progeny testing, a downward deviation from 
linearity in the dose/response relationship of the $ mutant seedlings 
would still be expected in the event of a within-treatment associa-
tion between recessive •visible* mutations and aberrations causing 
sterility. The absence of consistent evidence of such a residual non-linearity (some may have occurred in D,, fig.27) suggests that this 
association was largely or wholly lacking. Direct confirmatory evi-
dence will be presented in section 4*7 (pJ.06) where the findings of 
other authors will be considered. 
The present linearity of the dose/response relationships for all 
phenotypic M« categories (excluding bias in mutation frequency) cor-
responds with the general experience, that all types of genetic aber-
rations, and consequently their phenotypic manifestations, induced by 
fast neutrons or other high-LET radiations increase as a linear func-
tion of the dose. This is plausibly explained by the assumption that 
the high ionization density of these radiations causes even chromosome 
interchanges to be produced by one and the same ionizing particle 
(73, 74, 112,171)# U i t h h i g h_ L 3 T radiations therefore, the average com-
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plexity of the induced disturbances at the chromosomal level cannot 
he deduced from the shapes of the dose/response relationships. 
The fact that the pooled percentages of non-germinating seeds, 
sublethals and mutant seedlings showed the most regular pattern of 
response, especially in exp.4, suggests a partial complementarity of 
these categories. This is not illogical because an aberration result-
ing from one or more unstable lesions is always produced at the ex-
pense of any other type of aberration which might, in principle, have 
resulted from these lesions. Furthermore, although the genetic causes 
of early aborted seeds, non-germinating seeds, sublethals and mutant 
seedlings are highly diverse, they show considerable mutual overlap-
ping (see p.93-94). 
-2£££i-ii£2-.-£iifSen.resEonses_2£ di£ferent_characters 
Because all characters respond to radiation, the coefficients of 
correlation between characters based on treatment means are always 
high. Essentially, they provide only a measure of the degree of cor-
respondence in the dose/response relationships of the various charac-
ters pairwise. 
The fact that the total c/o of all aberrant M„ categories usually 
yielded higher correlation values than its separate components tends 
to confirm that within treatments the percentages individuals in the 
various aberrant Up categories possess a weak complementary tendency 
(see above). The finding that r-values involving the ft mutant seed-
lings were higher than those involving the number of mutations/100 M, 
truss progenies is certainly due partly to a greater variation in the 
latter character and partly to the bias in this character at high do-
ses (see p.69). T./hereas in exp.3 the r-values among the M. characters 
were generally somewhat higher than those between the M-- and the M« 
characters, this was not clearly demonstrated in exp.4. This discre-
pancy was possibly due to the much lower dose range in the latter ex-
periment. The same explanation is thought to hold for the fact that 
in exp.3 the seedling characters showed slightly lower levels of cor-
relation with the Mp characters than did weight of seeds/fruit; where-
as in exp.4 cotyledon length, days to flowering and weight of seeds/ 
fruit yielded the highest and similar coefficients of correlation with 
the M« characters. 
The evidence of all 4 experiments combined clearly indicates that 
cumulative root growth and cumulative cotyledon growth are, at least 
in respect of the shape of their dose/response relationships, the most 
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useful early indicators of the average genetic effectiveness of fast 
neutron treatments. Days to flowering and weight of seeds/fruit can-
not, of course, permit an early evaluation of average radiation ef-
fectiveness. 
4>4* Estimates of radiation effectiveness 
4«4»1» Results 
The chief aim of this section is to provide estimates of para-
meters suitable for comparing, per character, the effectiveness of 
fast neutrons on the various objects, i.e. 'Glorie' versus 'Honey-
maker1, and prehydrated versus dry seeds. 
For those characters having either fixed or accurately known up-
per and lower limits, the parameter used was the dose causing 50$ ef-
fect (ED-Q). This is a measure of radiation tolerance, i.e. the reci-
procal of radiation effectiveness. The ED(-Q estimates were obtained, 
whenever possible, from straight regressions on graph paper with 
suitable scales. 
For characters without fixed boundaries, or for which such boun-
daries would exist only in theory (e.g. 100$ non-germinating M2 seeds), 
the radiation effectiveness was estimated by means of the coefficient 
of linear regression on dose, except when the dose/response relation-
ships were strongly non-linear. In the latter case (some t-L charac-
ters in exp.4), the radiation effectiveness of different objects was 
compared graphically by applying linear dose-scale transformations 
until all sets of data were optimally represented by the same regres-
sion line. 
It is important to note that all estimates are based on rad doses 
in water (-Dn^ o)* 
In the present section, only differences in radiation effective-
ness between characters will be discussed; differences between ob-
jects will be dealt with in sections 4«5 and 4.6. 
Experiments 1 and_2 
The ED.-rt estimates and their methods of estimation are shown in 50 
tables 19 (exp.l) and 20 (exp.2), together with the quotients 
ED50(D1)/ED50(H1) - DUF. The DSP's will be considered in section 4.6. 
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Table 19 : Estimated SD^Q'S (krad DH?O) after irradiation of dry (D^) 
and 48 hours prehydrated (H-^ ) seeds, and corresponding 
quotients E D ^ Q C D ^ / S D C Q ^ ) = DBF. Experiment 1. 
Methods of estimation: from plots on either normal proba-
BIII:Ey~paper~'(pJ7~Iog/normal probability paper (lp) or 
linear graph paper (gr), or from regression coefficients 
(b) based on the treatments 0-7 krad in D-j_ and 0-2 krad 
in H1. 
Character Days ED,-0 DUF Method 
\ *1 
io seedlings with >1 leaf 13 8.75 1.85 
Leaf number 18 7.50 1.60 
Cumulative root growth 25 5.40 1.25 
Cumul.cotyledon growth 25 4.90 1.20 
Length 1st leaf 25 6.35 1.45 
Cumulative stem growth 25 4.90 1.20 
Leaf number 25 8.80 1.75 
Ultimate length 3rd leaf 42 5.00 I.65 
Plant weight 42 3.60 1.15 
Table 20 : Estimated EDCQ'S (krad DHOO) after irradiation of dry (D2) 
and 24 hours prehydrated tE2^ seeds, and corresponding 
quotients E D j o ^ V s i ^ o ^ ) = I>^' Experiment 2. 
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after 50$ germination 
Experiment 3 
The SDj-o's, their methods of estimation and the quotients 
E D C Q C M M V E D ^ G L ) = SR are shown in table 21. The S2 values will be 
considered in section 4.5. Table 22 gives, for both weight of seeds/ 
M, fruit and the M2 characters, the coefficients of linear regression 
on dose, b, and the quotients b„/b,~, = SH; the latter are discussed 
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Table 21 s Estimated ED^Q'S (krad Dgno) after irradiation of dry (D5) 
and 24 hours prehydrated {Ex) seeds of KM e,nd GL, and cor-
responding quotients EDCQMM/EDEQGL = SR. Experiment 3. 
Methods of estimation as in table 19. 
Character Days ED, 
Cumulative cotyledon IS D7 
growth H^ 
Seedling v;eight 18 D2 
H3 
c/o transplantable D, 
seedlings H^ 
•fertile1 plants, D7 
fo of flowering H7 
Weight of seeds/lL D3 
fruit H-





































Table 22 Coefficients of linear regression on dose (b = $ response/ 
krad Ifopo) a^er irradiation of dry (DT) and 24 hours pre-
hydrated (H^) seeds of UK and GL, and corresponding quo-
= S3. Experiment 3. tients \ L / * m 
Character 
5'j reduction weight of seeds/ D 
fruit 
c/o sublethals (K?) 
> mutant seedlings (lO 
fo all aberrant categories 
(n2) 
Total of all aberrations in 















































in section 4.5. The regressions were calculated to pass through the 
average control values. This was done in order to minimize bias in the 
case of those characters whose radiation responses were irregular or 
somewhat curved. For weight of seeds/M, fruit the regression coeffi-
cients are shown, in addition to the ElL^'s, because the radiation 
responses of this character result chiefly from aberrations induced in 
those initial cells which also give rise to the 1I? generation. 
A parameter which is roughly proportional to the total number of 
aberrations induced in the sporogenic cells is obtained by adding the 
regression coefficients pertaining to weight of seeds/lL fruit, non-
germinating M 2 seeds, sublethals and mutant seedlings, assuming, among 
other things,that the events leading to these various categories se-
gregate independently. The resulting coefficients, referred to as 
'total of all aberrations in sporogenic cells' are shown at the bottom 
of table 22. 
Experiment 4 
The ED »s and their methods of estimation are shown in table 23 
for various 1^ characters in the D and H12 series; those for the other 
series can, should this be desired, be calculated from relative values 
(DEP's) to be given in table 26 (p. 84). 
The coefficients of linear regression on dose for weight of seeds/ 
M. fruit and the M g characters are shown in table 24 for the D, KL2, 
E24 and H48 seriesj those for the other series can be calculated as 
mentioned above. 
Table 23 : Estimated ED^Q'S (icrad D H 2 O ) » Experiment 4. 
Methods of estimation as in table 19. 
Character 
Cumulative cotyledon growth 
Length 1st leaf 
Length 2nd leaf 
Leaf number 
•Fertile1 plants, £ of 
flowering 































Table 24 : Coefficients of linear regression on dose (krad Dg2o)' •EX~ 
periment 4* 
Character D HI 2 H24 H48 
* r a t i o n weight of seeds/I^
 U^Q %^ ^ ^ ^^ 
% non-germinating seeds (Mp) 2.57 6.95 9.20 16.10 
$ sublethals (M2) 0.34 0.78 0.99 1.36 
fo mutant seedlings (M2) 2.28 4.60 4.20 6.45 
$> all aberrant categories (M2) 5.20 12.33 14.39 23.91 
Total of all aberrations in 
sporogenic cells 19.70 49.09 58.64 91.47 
4.4.2. Discussion 
The effectiveness of radiation on a population is defined only 
with reference to a given character under a given set of experimental 
conditions and is then fully characterised by the dose/response rela-
tionship. The 3D(-0 refers to only one particular point of the latter 
and has therefore merely a descriptive value. It is only when the dose/ 
response relationships of various traits or objects have the same 
shape that this parameter is sufficient to define the relative effec-
tiveness of radiation. Two curves have the same shape when it is pos-
sible to transform one to coincide with the other by linear x-scale 
(dose) transformation. 
Within a given series, the levels of the ED 's for the different 
characters are closely related to the degree of curvature as well as 
the presence and width of a shoulder in the dose/response curves (see 
graphs in section 4.3.1). 
Thus, the high ED 's for both the quantal characters (e.g. $ 
seedlings having ^1 leaf) and the quantitative discrete characters 
(e.g. leaf number after 18 or 25 days) compared with the ED 's for 
the quantitative traits with continuous variation (e.g. cotyledon-, 
leaf- or stem length) are associated with the presence of marked 
shoulders in the dose/response curves of the former. The very high 
ED 's for the characters recorded after 25 days in exp.2, compared 
with those in exp.l, are a direct consequence of the strongly curved 
dose/response relationships in exp.2. Similarly, the fact that in 
exp.l the ED *s for leaf number after 25 days were higher than after 
18 days resulted from an increased 'shoulder' width in the dose/res-
ponse curves after 25 days vrfiich must, according to section 4.3*2 
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be attributed to increasingly sub-optimal nutritional conditions with 
time, rather than to recovery from radiation damage. 
For similar reasons, the low ED 's for cumulative root growth 
after 4 days in exp.2 cannot be usefully compared with the much high-
er values recorded after 25 days in the same experiment, because the 
former were obtained under favourable conditions (petridish stage) 
while the latter were derived from extremely curved dose/response 
relationships resulting from sub-optimal conditions. A more meaning-
ful comparison, only possible with the D series, is between the 33D5Q 
for cumulative root growth at the petridish stage in exp.2 (5.70 in 
D2) and that for cumulative root growth after 25 days in exp.l (5»40 
in D.). The observed increase in the ED™ between the two times of 
observation suggests a recovery of root growth over this period, prob-
ably due chiefly to the gradual elimination of the most deleterious 
chromosome aberrations in successive cell division cycles^ p* ' , 
and possibly owing also to a diminution of the effects of initial di-
vision delay and other reparable ('physiological') types of damage. 
The practical conclusion based on this finding is that the estimated 
radiation sensitivity of an organ, as measured by macroscopic crite-
ria, may depend greatly upon the growth stage in question. 
The SDCQ'S for the quantitative seedling characters in exp.2 did 
not follow entirely the same order as those in exp.l. Nevertheless, 
in both experiments the ED^Q'S for cumulative root- and cotyledon 
growth were somewhat lower than those for length of the 1st leaf. This 
was confirmed in exp.4» where the ED-Q'S for cumulative cotyledon 
growth were considerably lower than those relating to length of the 
1st or 2nd leaf. Consequently, it is likely that fast neutrons had a 
greater effectiveness on root- and cotyledon growth than on the growth 
of the earliest leaves^0 * '. However, this statement requires com-
ment. Firstly, like in other cases, the ED™ differences between the 
characters concerned wore connected with differences in the degree 
of curvature of the dose/response relationships. This implies that 
the relative radiation effectiveness on these characters is to some 
extent dose dependent. Secondly, as the ED™ may increase during the 
growth of an organ (as in the case of root growth mentioned above), 
any conclusions based on such data must be restricted to the stages 
actually observed. Thirdly, the various organs have an entirely dif-
ferent histological and morphological constitution and physiological 
function. Finally, at the time of irradiation, these organs differ 
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greatly in both cell number and level of differentiation, and hence in 
the possibilities of recovery by cell substitution. Therefore, it 
would be incorrect to use macroscopic data for drawing any conclusions 
on radiation sensitivities at the meristem level, let alone at the 
cellular level. 
The low ED^Q'S for plant weight compared with those for length of 
the 3rd leaf, both after 42 days (exp.l), and the low EILQ'S for seed-
ling weight compared to those for cumulative cotyledon growth, both 
after 18 days (exp.3), approximate to expectation, considering the 
3-dimensional nature of the character 'weight'. 
The low ED50's relating to the $ 'fertile' plants compared with 
those for the fo transplantable seedlings (exp.3) indicate that fast 
neutrons are much more effective in eliminating plants by reduction in 
seed set than by reduction in vegetative vigour. This conclusion is 
supported by the low ED^Q'S for weight of seeds/fruit compared with 
those for the quantitative seedling characters in the dry seed series 
of exps.3 and 4j it is also in agreement with common experience^ '"' 
131,14 • However, this conclusion must be qualified, because the re-
lationship between the ED^Q'S for weight of seeds/fruit and certain 
seedling characters was altered or even reversed by seed prehydration 
in both experiments, which indicates a stronger enhancement of the 
effectiveness of fast neutrons on seedling growth than on seed set. 
This important fact will be discussed in greater detail in section 
4.6, p.92-94. 
Exps. 3 and 4 have shown that the $ reduction in weight of seeds/ 
VL fruit per unit dose was approximately 3 times greater than the % in-
crease in the sum of all aberrant Mg categories. Among the latter, the 
io non-germinating M2 seeds increased much more sharply with dose than 
the io sublethals and, with one exception (D, of 'Glorie'), also some-
what more markedly than the ^  mutant seedlings. A similar result was 
obtained with thermal neutrons^ '. These data indicate that, on an 
average, recessive mutations induced by fast neutrons are accompanied 
by a very considerable incidence of disturbances which, after having 
persisted throughout the diplophase, either fail to pass meiosis or 
lead to early or late embryo abortion. These disturbances are partly 
transmissible'' ' * t and are therefore of importance in mutation 
breeding (see section 5»2, p.110). 
7Q. 
4«5» Varietal differences In fast neutron sensitivity 
4«5«1« Besuits 
The effectiveness of fast neutrons on cv. 'Glorie' (GL) relative 
to cv. 'Moneymaker1 (MM) was estimated by means of the quotients 
ED 5Q(MM)/ED 5 0(GL) and the quotients b G I A w in exp.3. These estimates 
will "be referred to as the 'sensitivity ratio' (SR). 
The SR's for the various M1 characters (table 21, p.73) varied "be-
tween 1.06 and 1.24. The average over the vegetative M, characters 
was 1.14 ancL the average over the K^ fertility characters 1.17. 
The SR's for the Mg characters (table 22) varied much more strong-
ly than those for the 1^ characters. The SR for the total % of all 
aberrant Mg categories was >1 in D, and <1 in H,. This difference was 
the converse of that for reduction in weight of seeds/M. fruit. How-
ever, adding the regression coefficients pertaining to these characters 
resulted in SR estimates for the 'total of all aberrations in sporo-
genic cells' (cf. section 4.4.I, p.74) which were almost equal in both 
series (1.12). 
The average 100-seed weight was 319 mg in MM and 279 mg in GL 
(ratio 1.14/1.00). The average 100-embryo weights were 210 and 183 mg, 
respectively (ratio 1.15/l«00). The numbers of root meristem cells in 
G, versus G«, in 16 hours hydrated embryos, were: 2431 vs. 69 in MM 
(97.2$ in G,) and 2423 vs. 77 in GL (96.9$ in G^. The amount of DUA 
per G,-nucleus was 12.65+0.37 units in MM and 12.03+0.22 units in GL. 
4«5.2. Discussion 
According to the SR values, GL was more radiation sensitive than 
MM in respect of effects on the vegetative K^ characters, reduction in 
M, fertility and the production of sublethal Mg seedlings. In con-
trast, GL was less sensitive than MM as regards the production of non-
germinating M„ seeds. This suggests that the phenotypic spectrum of 
the radiation injuries was different in the two seed-lots. Moreover, 
irradiation of prehydrated seeds (H,) as compared to dry seeds (D,) 
increased the SR with regard to VL^ fertility reduction and Mg non-
germinability, while lowering considerably the SR relating to the 
recessive mutant seedlings visible in Mg. This suggests that seed pre-
hydration, which, according to the SR's for the 'total of all aberra-
tions in sporogenic cells', caused an equal degree of overall sensiti-
zation in both cultivars, also modified the relationship between these 
cultivars with regard to the various phenotypic manifestations of 
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injury. 
It is reasonable to assume that gamete sterility and early embryo 
abortion, which cause 1^ fertility reduction, are on an average due 
to more severe chromosomal disturbances than is non-germinability, 
and that the latter category is on an average due to more severe dis-
turbances than are either sublethality or the occurrence of recessive 
•visible' mutations (see section 4.6.2, p.94). The data then suggest 
that seed prehydration increased the average severity of neutron-in-
duced chromosome aberrations in GL relative to MM, Further experiments 
would be required to determine whether these differences in aberration 
'spectrum1 are due to the inherent properties of these two cultivars 
or to incidental causes. 
The SR estimates GL/MM average 1,14 for the vegetative M, charac-
ters and 1.12 for the overall effects on M^ fertility and the Mg cha-
racters. These results correspond closely with the 100-seed weight 
ratio or the 100-embryo weight ratio MM/GL (1.14-1.15). Without at-
taching particular significance to the striking quantitative corre-
spondence, it is nevertheless tempting to relate the higher radiation 
sensitivity of GL to its genetically determined'*'' smaller seed- and 
embryo size. This is in agreement with Scarascia^ ^' who has demon-
strated in Nicotiana (a genus related to Lycopersicum) a positive 
relationship between radiation tolerance and seed size. De Nettan-
court and Contant^ ' have shown that the tolerance of L.esculentum 
(cv. 'Moneymaker') and L.pimninellifolium to acute irradiation is 
positively related to the size of the shoot apex. Subsequent work of 
De Nettancourt and Devreux^4 ' involving these species, their reci-
procal hybrids and all backcross lines has confirmed and elaborated 
this conclusion. Also other authors have demonstrated^ ' or sug-
gested^^' a positive relationship between radiation tolerance and 
apical size. Constantin and Osborne^ ' have found interspecific dif-
ferences in fast neutron tolerance to be governed mainly by the size 
of the shoot apex and the average nuclear volume. 
Although apical size was not determined in the present work, it 
may be expected to exhibit, within a given species, a close positive 
relationship with embryo size. According to the data, varietal dif-
ferences in stage of interphase or DNA content per nucleus can be ex-
cluded. This was not unexpected as such differences were slight or 
absent even in comparisons between L.esculentum and L.pim-pinellifolium 
(47»48)^
 B e c a u s e the cells and nuclei of GL are not expected to be 
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larger than those of MM, the factor 'relative energy absorption per 
cell' cannot be used to account for the greater radiation sensitivi-
ty of GL. 
It is tentatively concluded, therefore, that the sensitivity dif-
ferences between MM and GL are governed chiefly by a positive rela-
tionship between radiation tolerance and the number of cells in the 
meristem of the shoot apex. The latter would determine the opportuni-
ties of cell selection and replacement. 
It would be very difficult to prove unequivocally whether or not 
additional factors governing radiation sensitivity at the cellular 
level might also be involved in this particular comparison. Many 
authors, who have demonstrated the influence of genetic'12»15t72,80, 
1 0
^ and/or cytoplasmic^5* 9 ' factors on the radiation sensitivity 
of closely related species or varieties, did not provide data on 
seed-, embryo- or apical size of the various genotypes. Consequently, 
it is often impossible to judge to what extent these genotypic dif-
ferences in sensitivity were operating at the histological level. 
Further studies on this problem, similar to the work of De Nettancourt 
and Devreux^ , would be of value in Lycopersicum esculentum. using 
a series of genotypes covering a maximum range of embryo sizes. 
4.6. Dose reduction factors associated with seed prehydration and germina-
tion 
4.6.1. Results 
The dose reduction factors associated with seed prehydration and 
germination (ERF, defined in chapter 2) were calculated from the ED 's 
and coefficients of linear regression on dose, in which the doses were 
expressed as krad in water (DH 2O)» 
These DRF values require correction for differences in relative 
radiation energy absorption in order to yield unbiased estimates of 
the degree of sensitization caused by the various prehydration treat-
ments. Nonetheless, the uncorrected values are given in order to 
leave the choice of correction factors open to discussion. These un-
corrected DRF's are adequate for a preliminary examination of trends 
within and between series. 
Two types of correction factors will be considered, by which the 
DRF's must be divided. These are (a) the dose absorbed in prehydrated 
embryo tissue relative to that in dry embryo tissue, i.e. the relative 
rad dose (table 5, p.20, last column); and (b) the energy absorption 
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per prehydrated meristem or meristem cell relative to that per dry 
meristem or meristem cell, inferred from the relative amounts of energy 
absorbed per embryo (table 6, p.22, last column). 
Correction factors of type (a) are based on the dosimetrical pro-
cedures currently recommended for neutron irradiation studies on dry 
seeds of different species*-" *"^'. Correction factors of type (b) are 
related to the relative energy absorption per nucleus or per inter-
phase chromosome which have been used to compare the X- or y-radiation 
sensitivity of species belonging to different taxa^ ' * '*'. Although 
the direct estimation of the energy absorption per nucleus would prob-
ably be preferable to the indirect estimation of energy absorption per 
cell, in practice it would be difficult to obtain mutually comparable 
data on nuclear size in microscopic preparations of embryos germinated 
for different periods. 
Experimental 
The DRF's (table 19, p.72) showed a decreasing trend in the course 
of vegetative development. 
The only discrepancy was the DRF for leaf number after 25 days 
(5.0) which was higher than after 18 days (4*7). This was clearly due 
to a stronger increase, under the influence of growth-limiting nutri-
tional conditions from the 18th to the 25th day, in the shoulder width 
of the dose/response curve of the D^ compared to the H, series, in 
connection with the more advanced growth stage of the former (cf. sec-
tion 4.3.2, p.64). Consequently, it is reasonable to assume that under 
optimal conditions the D3F for leaf number after 25 days would not have 
exceeded 4.7. It should be noted that the nutritional conditions were 
not limiting from the 25th day onwards (Hoagland solution). 
In this experiment, only a few seeds had germinated before or dur-
ing irradiation. Therefore the degree of hydration of these seeds re-
sembled that of the 24 hours rather than of the 48 hours prehydrated 
seeds in chapter 3 (cf. fig.l, p.13). Accordingly, the applicable 
DHF correction factors are (a) 1.05 and (b) I.46. The former value is 
negligible compared to the high DBP's. Correction by the latter value 
leads to revised MIF estimates averaging 3.2, 3.0 and 2.1 after 18, 
25 and 42 days, respectively. 
Experiment 2 
The DRF's (table 20, p.72) were appreciably lower after 25 days 
than after 4 days, thus indicating the same trend as in exp.l. The 
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DRF correction factors associated with 24 hours prehydration are 
(a) 1.05 and (b) I.46? using the latter value yields a revised DRF 
estimate of 3*2 after 4 days and an average of 2.0 after 25 days. 
Experiment^ 
The DRF's for the M, characters were obtained by taking the quo-
tients SD50(D,)/ED50(H,) from the data in table 21 (p.73)> and those 
for the Mp characters by taking the quotients b2,/bD, from the data 
in table 22 (p.73)t pe* cultivar, and after averaging over both cul-
tivars. The DBF's are shown in table 25. 
Table 25 s Dose reduction factors (DRF) associated with 24 hours pre-
hydration, estimated from EDCQ'S (M^ characters, table 21) 
and linear regression coefficients (M2 characters, table 
22), for MM, GL and their mean (MM+GL). Experiment 3. 
Character MM 
2L 
Cumulative cotyledon growth,18 days 2.8 
Seedling weight, 18 days 3.2 
f> transplantable seedlings 
•Fertile1 plants, c£ of flowering 2.4 
Weight of seeds/fruit 2.1 
°/o non-germinating seeds 2.2 
<f0 sublethals 1«4 fo mutant seedlings 2.9 
<f0 all aberrant categories 2.4 























Varietal differences were either absent or small for most charac-
ters but were considerable for the % non-germinating seeds (MM<GL) 
and especially so for the $> mutant seedlings (MM>GL). Whereas the DRF 
pertaining to the total 1o of all aberrant Mg categories was consider-
ably higher in MM than in GL, the DRF for the estimated 'total of all 
aberrations in sporogenic cells' (including the aberrations causing 
M, seed set reduction) was the same in both cultivars. These data ex-
press in a different manner the findings of section 4.5 (p.78), name-
ly that seed prehydration has caused the same overall degree of sen-
sitization to fast neutrons in MM and GL, but, at the same time, a 
marked shift in the spectrum of aberrant phenotypes both within and 
between these cultivars. To what extent this is due to real varietal 
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differences or to the large variation which is normal for M„ charac-
ters could not be established. 
The MP's calculated from the means over both cultivars (MM+GL) 
were higher for the 1^ seedling characters than for the °/o 'fertile' 
plants (>24 seeds/truss). The latter value in turn was considerably 
higher than that for weight of seeds/fruit, indicating that the with-
in-treatment variation in fertility was greater after irradiation of 
prehydrated seeds than of dry seeds. The DRP's show a decreasing 
trend in the course of M^ development, though less clearly than in 
the preceding experiments. 
The DRP's for the M2 characters differed considerably, the value 
relating to the Jo non-germinating Mg seeds being the highest and that 
for the Jo sublethals by far the lowest. The DEP for the total ft of 
all aberrant Mg categories was the same as that for weight of seeds/ 
Mj fruit. 
The DEP's may be corrected by the same factor (b) as in exp.2 de-
spite the differences in 100-seed weight and germination speed, be-
cause it is reasonable to assume that water uptake during the first 
24 hours is proportional to initial seed weight and independent of 
the speed of visible germination. On this assumption, the revised DBP 
estimate is 2.0 for the damage expressed in the seedling characters 
and 1.4 for the permanent damage to the sporogenic cells. 
Experiment^ 
The DRP's were calculated from the best fitting linear or curvi-
linear regressions, whichever was applicable, through the data in 
figs.29-42. The regressions were calculated through the average con-
trol values as these represented the origin with good accuracy. Be-
cause the H72, H96 and H144 series each consisted of only one treat-
ment, whose means varied considerably, an 'average' DEP over these 
series was calculated for each character. All DEP estimates are shown 
in table 26. 
The DHP's for all characters increased almost consistently with 
the pregermination period. Within the prehydration treatments (i.e. 
per column) marked differences between J^ characters were absent up 
to H6. The slight differences within the H-g- column were associated 
with the fact that £ hour prehydration was short in relation to the 
exposure periods. Because the range of doses (exposure periods) was 
wider for the characters recorded after 12 or 19 days than for subse-
quent characters (table 7, p.30) the 'effective hydration periods' 
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Table 26 s Dose reduction factors (DEP) associated with |—144 hours 
prehydration/germination, estimated either from EDCQ'S or 
by linear x-scale transformation (l^ characters) or from 
linear regression coefficients (M2 characters); and correc-
tion factors (a) and (b). Experiment 4. 
Character 
Cumulative cotyledon 
growth,12 or 19 days 
Length of 1st or 2nd 
leaf,19 days 
Leaf number, 19 days 
Abnormal leaves/plant 
Leaves below 1st inflor. 
Days to flowering 
V/eight of seeds/fruit 
M 
c/o non-germinating seeds 
% sublethals 
Mutations/100 Mx truss 
progenies 
c/o mutant seedlings 
% all aberrant catego-
ries 
(a) Relative rad dose 1.01 1.02 1.03 1.04 1.05 1.09 1.14-
1.16 
(b) Relative amount of 
energy absorbed per 1.04 1.14 1.23 1.35 I.46 2.12 
*average' cell 
were also longer, and the DRF's somewhat higher, for the former cha-
racters than for the latter characters. In H3 and following series 
this trivial factor may be disregarded. 
Conspicuous differences between K^ characters appeared from H12 
onwards. In particular, the data show a decreasing DRP in the course 
of M. development. The differences in DRF between characters increas-
ed considerably with the pregermination period. 
In interpreting the DH? values for leaf number below the 1st in-
florescence and flowering delay it must be kept in mind that these 
characters reflect the entire history of the plant's growth and vege-
tative development and consequently cannot be regarded as truly late 





























































































mediate between those for the earlier somatic traits and those for 
weight of seeds/fruit. 
The DRF's for the f> non-germinating seeds were higher than for 
the ft sublethals, except in Hj and H72-144 where both values were 
about equal. Disregarding the values for H72-144 which were based on 
few data, the difference in DRF between these characters tended to in-
crease with the germination period (except H3, see later). The DRP's 
for both the fo non-germinating seeds and the fo sublethals exceeded 
those for the recessive 'visible1 mutations/100 IL truss progenies 
and the fo mutant seedlings, except in HJ where the opposite occurred. 
From H6 onwards, the differences in DRF between the former two and 
the latter two categories increased considerably. This indicates that, 
with increasing pregermination time, the effectiveness of neutrons 
with regard to the production of non-germinating seeds and sublethals 
increased more rapidly than with regard to the production of recessive 
•visible' mutant seedlings. 
The DRF for the fo sublethals in H| was higher than in H3. This 
deviation from the general trend was accompanied by a relatively low 
DRF for the number of mutations/100 K. truss progenies (and for the 
°Jo mutant seedlings) in Hj, and a fairly high value in H3. These 
results are most readily explained by random variation, considering 
that severely abnormal individuals occurring singly in a progeny were 
always counted as sublethals even though some of them might have been 
due to recessive point mutations, especially at low doses where a 
high degree of chimerism was to be expected. 
In H6, the DRF for the fo mutant seedlings was higher than for 
mutations/100 M, truss progenies. This was due to relatively high 
mutant segregation percentages in this series for which there is no 
explanation. The DRF's for the total f> of all aberrant Mg categories 
were very similar to those for weight of seeds/fruit, as in exp.3. 
The correction factors are also shown in table 26. The factors (a) 
increased consistently with the pregermination period but explained 
only a small fraction of the increases in DRF. The factors (b) ex-
plained a greater proportion. Nevertheless, it may be calculated that 
also on this basis only 13-3($ of the increases in radiation effecti-
veness (=DRF-1.0) relating to weight of seeds/fruit or to the total 
of all aberrant llp categories could be attributed to the increases in 
energy absorption per cell (^correction factor-1.0). The DRF esti-
mates pertaining to H3-H48, corrected by the factors (b), are shown 
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in table 27. Because the (b) value for H48 was probably an overesti-
mation, the corrected values for this series are probably somewhat 
too low. No sensitization estimates are available for H72-144 (see 
section 3.7, p.22). 
Table 27 j Dose reduction factors (DliF) after correction for differ-
ences in the amounts of energy absorbed per 'average1 cell. 
Experiment 4. 
Character HJ H6 KL2 H24 H48 
Cumulative cotyledon growth, , r ,
 Q „ „ 
12 or 19 days i,b i,y '•' 
Length of.1st or 2nd leaf, ,
 c , Q 0 , 
19 days L-6 1'8 2'5 
Leaf number, 19 days 1.7 1.9 2.4 
Abnormal leaves/plant 1.5 1.9 2.4 3*3 4*6 
Leaves below 1st inflor. 1.6 2.0 2.3 3.1 3.3 
Days to flowering 1.6 1.9 2.3 2.6 3.3 
Weight of seeds/fruit 1.3 1.8 1.8 2.0 2.2 
M 
io non-germinating seeds 1.5 1.9 2.0 2.5 2.9 




i mutant seedlings 1.6 1.8 1.5 1.3 1*3 
^ all aberrant categories 1.5 1.9 1.7 2.0 2.2 
4.6,2. Discussion 
The most important finding was an i££££ase_in_radiaJ;ion_effecti-
veness with increa^i^^reh^dration^germination^time. This must be at-
tributed to an interplay of the following, and, possibly, other fac-
tors; 
In^rease^in £nerjgy_absorjvtion 
The rad dose correction factors (a) were found to explain only 
a very small fraction of the increases in radiation effectiveness 
with prehydration/germination. This was to be expected, considering 
that water uptake increases not only the amount of radiation energy 
absorbed per unit weight of tissue but also the weight of the embryo 
and its constituent cells. 
Organ growth is determined chiefly by the reproductive capacity 
of cells in the apical zones and this capacity is influenced only 
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slightly by radiation absorbed in the differentiated parts of the or-
(81) 
ganisnr '. Therefore, it is mainly the changes during hydration/ 
germination.which take place in the apical meristems that have to be 
considered. 
(192) 
Whaleyv , who has provided extensive data on meristem para-
meters in tomato throughout the vegetative part of the life cycle, 
did not find a consistent change in shoot meristem size during the 
first 6-7 days after sowing. However, this result may be biased, 
firstly by a possible interaction between the stage of imbibition 
and the degree of shrinkage due to the fixation technique used (CRAP), 
secondly by the fact that the seeds were grown without external nu-
trient supply for 6 days. These considerations would also explain his 
improbable observation of a decreased volume of the apical cells (ex-
cluding the dermatogen layer) 2 days after sowing, i.e. prior to mi-
tosis, though the observed decreases after the onset of mitosis are 
undoubtedly valid. 
Because of the risk of bias, the increases in energy absorption 
per meristem or per meristem cell (with increasing prehydration time 
prior to germination) were not estimated on the basis of measurements 
on fixed and sectioned apices. Instead, they were inferred from the 
increases in the amounts of energy absorbed per embryo (correction 
factors b). On this basis, 13-30$ of tho increase in neutron effecti-
veness with prehydration could be attributed to increased radiation 
energy absorption per meristem or per cell. These estimates are cor-
rect on the assumption of an equal and fairly synchronized rate of 
water uptake and a similar elementary composition in all parts of the 
embryo until the rupture of the soedcoat. This assumption is probably 
only partly valid, because the meristem cells are known to differ con-
siderably in structure and function from those elsewhere in the em-
bryo. 
A further complication in dosimetry arises from the fact that the 
cell does not constitute a uniform target for the various effects of 
radiation* '^' p.203-2 b;^ ^ ^
 concep-t 0f energy absorption per cell 
disregards intracellular differences both in the rate of water uptake 
and in the changes in elementary composition and specific density as-
sociated with the swelling of macromolecules and structures in the 
(192) 
nucleus and the various cytoplasmic constituents. Vhaleyv ' found 
that the nuclear volume generally increased during the first 2-4 days after sowing, nd then gradual y decreased; his data also indicate 
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that the proportion of the apical cell volume occupied by the nucleus 
increased over a long period and even during the first 2 days, sug-
gesting a more rapid hydration of the nucleus than of the cytoplasm. 
This and other, more subtle, intracellular differences are undoubted-
ly responsible for a part of the observed enhancement of radiation 
effectiveness in the course of germination. It is in this realm that 
progress in dosimetry must be sought (section 5»l). 
Increas_e._in ^ stabo-lic, activity 
Under normal physiological oonditions, hydration leads to increas-
ed respiration, R M and enzyme synthesis, and activation of many meta-
bolic processes^ . The role of metabolic activity in the increase 
of radiation sensitivity with pregormination has been stressed repeat-
edly^22' 55,108,113,142)^
 A M g h m e t a b o l i c activity implies a high mo-
bility of structures, molecules, ions and radicals, both in the nucleus 
and in all other cell constituents. This increased mobility with pre-
germination is likely to reduce the time available for the restitu-
tion of potential chromosome breaks, thus increasing both the number 
of unrepaired chromosome aberrations per unit dose and, by increased 
proportions of errors in rejoining, their average severity. This hypo-
thesis is supported by the observed shift with prehydration, towards 
greater proportions of the more drastic phenotypic aberrations in the 
M0. It is probable that these spatial considerations, which apply 
2 (j£ 112} 
strongly to lo\/-LET radiationsw '* ' also play a role in the effects 
(55 56) 
of high-LICT radiation, at least on hydrated systemsw-"^ '. 
For the same reasons, prehydration may also increase both the num-
ber and the average size of lesions produced in other cell structures, 
including membranes, and the amount of biochemical reactions in the 
cytoplasm, thus causing an increased physiological component of damage. 
This component is small with neutron irradiation of dry seeds (cf.p.2) • 
and its relative importance in prehydrated seeds has not been evaluated. 
Tran£ition_of cells through the, mitotic cy£le 
The oell cycle is commonly divided into G p S, G~ and M; the first 
3 stages constitute the interphase, while M is composed of the various 
stages of actual mitosis. In the resting tomato embryo, all cells in 
the Bhoot apex and most of the cells in both the cotyledons and the 
root ape:: are in G, ^  . If the true G, stage is considered to be charac-
terized by a high metabolic activity in preparation for M A synthesis 
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and cell division, the period of hydration of embryo cells might "be 
referred to as a GQ stage, in analogy to certain types of mammalian 
cells vith a very long presynthetic stage^ "'. Undoubtedly, the sen-
sitivity to radiation increases during hydration, possibly followed 
by a plateau in G.^  proper. In vitro, the radiation sensitivity of G, 
is the lowest of all stages and fairly constantly so, except for an 
increase towards the end^ '. The end of G. and the subsequent stage 
S, during which Wk synthesis takes place, are usually characterized 
by a high sensitivity. Irradiation at S causes a decreased rate of 
M A synthesis and hence a strong prolongation of S* '''. Within this 
stage, marked sensitivity differences occur, cells in early S being 
more sensitive than those in late S^ •?'. In HeLa cells (a commonly 
used strain of animal cells), S is the most sensitive of all stages 
(177) 
of the division cyclev ,,/. However, in many materials, both zoologi-
cal and botanical, cells in G„ are more sensitive to aberration in-




15°»158)# ^ ^ within Gg, the sensitivity 
to the induction of true chromosomal (chromatid) aberrations varies 
greatly, being highest at the early stages and decreasing towards 
late Gg^115'150'158^. The types of aberrations also differ between 
stages: prior to D M synthesis chromosome aberrations are produced; 
after DNA synthesis chromatid aberrations prevail^"' "4'. 
Another sensitivity maximum occurs in early to mid prophase. In 
Tradescantla microspores, this maximum is by far the highest of the 
division cycle* • At later stages of prophase, the sensitivity 
decreases markedly* ' • Subsequent stages of II, notably meta-
phase-anaphase, were shown to be extremely sensitive to the produc-
tion of chromosome rearrangements^ p* y ' '' but Sax* '' noted 
that the analysis of aberrations at these stages is complicated by 
physiological effects (stickiness and clumping of chromosomes). 
3^(160,163)^
 G l l e 8(74) t l e a ( U 2 ) f vclff<195> and others have 
stressed that the differences in sensitivity to the production of 
chromatid aberrations may not result from differences in breakabili-
ty of the chromosome strands but rather from differences in rejoin-
ing, associated notably with alterations in the spatial relationships 
between the chromosomes. This is also the view of Dubinin and Tara-
sov*-* ' who noted that the periods of maximum sensitivity coincide 
with considerable alterations in chromosome structure, first during 
S, then during early to mid prophase when the chromosomes become 
spiralisod. According to 3vans* ', all chromosome aberrations are 
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probably a consequence of misrepair. Of the many factors involved in 
repair one is certainly the time available for rejoining or restitu-
tion and another the amount of energy available. Lozzio^ ' postu-
lates that both these factors may be small in G« because this stage 
is the closest to mitosis. 
Accordingly, there is likely to be firstly a considerable in-
crease in sensitivity in the course of embryo hydration, secondly a 
peak in sensitivity during S and thirdly another peak at the boundary 
of G« and prophase. 
The duration of the various stages has been studied intensively 
in mammalian cells in vitro and in vivo* ^'. G, was found to vary 
between a few hours and several days even within a given cell popula-
tion, depending on external and physiological conditions. For almost 
all mammalian cell types, S usually varies between 6 and 10 hours 
and G„ between 2 and 5 hours. In embryonic cells, S may be shorter 
(3-4 hours) and Gg longer (10-12 hours). In plant cells, the S period 
varies considerably, values of 4-5 hours being reported in pea root 
meristem cells* » 4' and of 10-11 hours in Tradesoantia roots* •*' 
in which, furthermore, G2 was found to last 1.6-2.6 hours, M ca 2 
hours and G, 3»3-5»8 hours. The duration of S increases considerably 
with irradiation (due to an inhibition of USA synthesis and possibly 
also to blockage at the boundary between S and G„* '' but the length 
of G« is little affected* °'. 
Little is known about the kinetics of cell division in germinating 
tomato seeds. Van der Meij and De ITettancourt* ' found cyclic 
changes in mitotic frequencies in root tip cells suggesting a divi-
sion cycle of 10-15 hours in the control and of 13-22 hours after a 
fairly high fast neutron dose. The apparently large heterogeneity in 
mitotic cycle time within the root meristem corresponds with data of 
other a u t h o r s ' e * S . The moment of entry into first division is 
also highly variable. In the unirradiated seeds of the lot used for 
exp.4, the first mitoses in the root apex were observed ca 8 hours 
after visible germination and in the shoot apex 8 hours later. This 
roughly corresponds with De Nettancourt and Devreux*4 ' who found, 
in the same material, that 48, 72, 96, 120 and 144 hours after sowing 
0, 8.3, 89.8, 74.5 and 66.2$ of cells were in mitosis in the meriste-
matic zone of the root apex and 0, 0.5, 10.2, 7«7 and 16.4$ in that 
of the shoot apex. While these data do not provide any information on 
mitotic cycle time, they do suggest both a greater mitotic activity 
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and a higher degree of synchrony in the first division of cells in 
the root apex than in the shoot apex. 
Combining the foregoing data with those on germination speed 
(median germination time ca 40 hours) it is reasonable to expect that 
24 hours after sowing all cells were still in G,; on the other hand, 
48 hours after sowing (H48) the root apices contained a fair percent-
age of cells in S and G2 and possibly some in IT, while the shoot 
apices of most embryos must Btill have been in G, or S. At later 
stages (H72-144)» all apices must have contained considerable propor-
tions of cells at first mitosis or subsequent stages. 
The large degree of asynchrony among cells of the root and shoot 
meristems and the suspected heterogeneity in mitotic cycle time with-
in and between treatments add to the difficulty of assessing the 
quantitative relationship between cell stage and radiation sensitivi-
ty in germinating seeds. Nevertheless, the foregoing clearly indicates 
that the transition of the meristematic cell populations through the 
successive stages of the-mitotic cycle and, in H72-144, the increased 
cell numbers in the apical zones, are responsible for a considerable 
if not the major part of the DBF increases in the course of seed hy-
dration. 
Re^orjptionjyf endosperm by^the^embryo^ 
Prom 4G-96 hours after sowing, most of the endosperm dry matter 
was resorbed by the embryo, via the cotyledons (section 3.6.4, p.16). 
Part of these materials, e.g. nitrogen, breakdown products of starch, 
DNA and RNA' ', undoubtedly serve as substrates for an intensive 
synthetic activity in the cotyledons. The remainder, and the synthe-
sized products, are distributed to other parts of the embryo. The 
cotyledons play an important role in early plant growth. For example, 
they provide almost all the phosphorus in the growing root tip^° '. 
During early seedling growth they also manufacture vitamins, includ-
ing vitamin c' ^ ' which plays an essential role in regulating the 
redox potential in the seedling^ . Radiation causes the formation 
of toxic or mutagenic substances in the endosperm, by genetic altera-
tion, membrane damage, enzyme inactivation, atomic transitions and 
other events. It is also likely to affect the conversion of stored 
nutrients. Those phenomena in the endosperm influence the metabolic 
activity of the cotyledons and, hence, they also influence early seed-
ling growth. Furthermore, endosperm damage can also cause genetic ef-
fects in the embryo. This was demonstrated by Meletti et al. ' and 
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(7) 
Avanzi et al. ' who grafted unirradiated embryos onto irradiated en-
dosperm in durum wheat. 
Consequently, with seed irradiation, a part of the damage sus-
tained "by the embryo is caused indirectly by toxic or mutagenic sub-
stances produced by a disturbed metabolism in the endosperm. This 
component is maximal prior to germination and it decreases in the 
course of endosperm resorption, i.e. over a 48 hour period following 
visible germination (section 3.6.4). On the other hand, the endosperm 
substances, once resorbed, contribute directly to radiation energy 
absorption in the embryo. Because damage induced in the endosperm un-
doubtedly has less effect on the embryo than directly induced damage, 
the presence of the endosperm might have contributed to the high 
DRF's for the vegetative K^ characters in the H72-144 series. 
The second important finding was a more pronounced sensitization 
iii2;2-2£-i-2-l-~--i?l-2~--2i££2» except during the first 6 hours of 
prehydration in exp.4. In other words, within each series from H12 
onwards, the DBF decreased in the course of M, development and this 
decrease became more prominent with increasing prehydration/germina-
tion time. To explain this, it must be remembered that the effective-
ness of radiation on the growth of organs (after seed irradiation) is 
determined not only by the radiation sensitivity (including the capa-
city of repair) of individual cells in the different parts of the 
apical meristems, but also by (i) the cell numbers and their degrees 
of differentiation or predisposition at the time of irradiation, (ii) 
the possibilities of substitution of lethally affected cells, (iii) 
the numbers of cell divisions normally involved in the growth of the 
different organs and (iv) the physiological interrelationships be-
tween cells and organs. Because of all these intervening secondary 
factors, differences in the effectiveness of radiation as measured by 
macroscopic criteria cannot be related to differences in sensitivity 
at the cellular level (see also p.76-77). 
Nevertheless, because there is a general increase in sensitivity 
as cells pass through the cell cycle, it may be expected that the 
early dividing cells in the peripheral zones of the shoot meristem 
(which generate the first leaves) are sensitized more rapidly than 
the more centrally located cells (which give rise to the later somatic 
tissues and the generative tissues) which start dividing both later 
and at a lower rate. This factor may offer a partial explanation of 
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the sharper increases in the DRF's for the 'early' compared to the 
•late1 characters, especially from H24 or H48 onwards. 
For the remainder, only secondary factors can be considered. The 
damaging effectiveness of a given amount of energy per cell is dif-
ferent in different parts of the embryo. In this connection, the 
choice of characters studied is important. For instance, hypocotyle-
don growth depends chiefly upon the radioresistant process of cell 
elongation and is only slightly affected at doses which cause a severe 
inhibition of cotyledon growth. Cotyledon growth relies to a consider-
able extent on cell division without any possibility of replacement 
of lethally affected cells from outside. A reduced cotyledon growth 
in turn affects, indirectly, the early growth of subsequent organs. 
The growth of the first leaves, starting from predisposed groups of 
cells in the flanks of the shoot meristem, ma1?y benefit from a certain 
amount of stem-cell substitution after lethal damage. This opportunity 
is even greater for subsequent leaves which are undifferentiated at 
the time of irradiation. These factors, which influence the effective-
ness of radiation on the growth of the various organs after irradia-
tion of dry seeds, are also involved in the greater increase with 
prehydration in the effectiveness of radiation on early than on late 
characters. Finally, the fact that the physiological impact of damage 
inflicted upon the early organs (especially the cotyledons) diminishes 
in the course of development, also contributes to this trend. 
A third observation (see especially exp.4) was that ^ rehydration 
increased the effectiveness^f_fast_neu^ons_more_ re-
gard to M, fertilityjreduction^and^the^groduc^ 
M? seeds than with_regard_to_the_induction^ 
tations. This 'spectral' change is explained as follows. After seed 
irradiation, many types of chromosomal aberrations are able to persist 
until meiosis' '. Most of these are then eliminated by haplophasic 
selection, failure of fertilization, and early embryo abortion due 
chiefly to dominant lethal factors in the male and/or female gametes 
^ *'. These events lead to a reduced number of normal sized seeds/ 
fruit. Failure of these seeds to germinate may be attributed to domi-
nant or recessive late embryonic lethal factors, though early embryo 
abortion with normal endosperm development may also be involved. There 
is no sharp boundary between non-germinability and early seedling 
(sub)lethality and the phenotype of certain aberrations may vary be-
tween both categories depending upon the growth conditions. On the 
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other hand, several seedlings scored as sublethals were undoubtedly-
due to recessive 'visible* mutations segregating with a large mutant 
deficit as a result of chimerism. The causes of each of these aberrant 
phenotypic categories are undoubtedly highly diverse at the chromoso-
mal level* Sven the recessive 'visible' mutations do not constitute 
a uniform category at the chromosomal level. Most, if not all of them 
must be ascribed to structural alterations, probably chiefly micro-
deficiencies, rather than true gene mutations^21'111*145'171 ch'VII» 
'^'. Notwithstanding a considerable mutual overlapping between the 
causes of different phenotypic categories, there is good reason to be-
lieve that the radiation-induced aberrations responsible for both 
fertility reduction and non-germinability are on an average more dras-
tic than those leading to post-emergence mutant phenotypes^ 1->»**» °» 
135,see also section 5.4,P.114)# C o n s e q u e n t l y > t h e .spectral' change 
referred to above indicates that, with prehydration, there is a shift 
towards a greater proportion of translocations and large deficiencies. 
Though this shift might, in principle, be due to increasingly drastic 
primary molecular lesions with prehydration of the nucleus, it is more 
likely to result from increasing proportions of errors in the rejoin-
ing of unstable primary lesions. This might be due to an increasing 
metabolic activity and chromosomal mobility which would lead to short-
er rejoining times and a progressively more rapid repair and fixation 
of radiation damage. It may be recalled that the trends in the DRF's 
for the M, characters led to the same interpretation (p.88). It can 
now be postulated that the recessive 'point' mutations derive, at 
least partly, from imperfect restitution of chromosome breaks. 
Maternal effects were unlikely to have played a significant role 
in the 'spectral' shift in M2 phenotypes because (i) the vegetative 
development of the plants, especially at later stages, was not great-
ly disturbed at the relatively low doses used in exp.4, (ii) the 
plants, grown at commercial spacing, were pruned above the 2nd truss 
to ensure a very adequate nutrient supply to the developing fruits, 
(iii) the observed increases in leaf number below the 1st inflores-
cence with increasing dose buffer the plants against detrimental ef-
fects of somatic damage on M, fertility, and (iv) neutrons cause only 
a relatively slight reduction in vegetative vigour for a given pro-
nounced reduction in M, fertility (cf.section 4«4»2, p.77). Direct 
evidence against the importance of maternal influences will bo pre-
sented in section 4-7 (p.105). 
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Finally, S-£22E2£i222_2£_^2_2R^lS-Ee£'tainin^-'fco *^e grehydrated 
£££fL£££-£2-2£-2:-£«£H£££££*Y£_£^££im£n'''£ (H^4 * n exP»4) is worth-
while. This reveals important differences. For instance, the corrected 
average DRF for the seedling traits was 3.0 in exp.l, 2.0 in exps.2 
and 3, and 3»3 in exp.4. The corrected DUF pertaining to weight of 
seeds/fruit was 1.4 in exp.3 and 2.0 in exp.4. 
These differences cannot "be associated with the seed-lots used, 
because a good agreement would then be expected between exps.l and 3» 
and between 2 and 4» Water content, elementary composition and fresh 
weight/embryo can be invoked only in so far as the correction fac-
tors (b) might not have been entirely applicable. Such scepticism is 
unjustified in exps.2-4. In exp.l, a slight underestimation of the 
correction factor is probable (see p.8l) and the DHF's might have 
been somewhat overestimated. 
The DKF differences between exp.l on the one hand and either exp. 
2 or 3 on the other hand, however, are probably related to the state 
of the cells at the time of irradiation. In exp.l, the prehydrated 
seeds were about to germinate at the time of irradiationj in exps.2 
and 3, the seeds were irradiated at a physiologically much earlier 
stage, though at approximately the same water content. Furthermore, 
in exp.l, many cells must have been in the S period, whereas in both 
exps.2 and 3, most, if not all, cells were still in the more resistant 
G. stage. 
The relatively high DRF values in the H24 series of exp.4 cannot 
be explained by these factors. They might be associated with the 2.8 
times higher dose rate in this experiment. This variable, which does 
not influence the effectiveness of densely ionizing radiation on dry 
seeds' , may have an appreciable effect on the radiation response 
of hydrated and actively metabolizing material. This has been demon-
strated with non-dividing plant tissue^ "' and with mice^ ', and 
may also be inferred from dose fractionation experiments on cultured 
human cells which have shown that recovery (•repair* in the present 
terminology, 'sparing1 in the terminology of Alper et al.^') is 
possible after irradiation with 15 MeV neutrons^ ''. In view of the 
paucity of evidence on this subject and the scanty knowledge of the 
physical and biological parameters involved, it would be of interest 
to show whether indeed the response of germinating seeds to fast 
neutrons, preferably of different energies, can be modified by dose 
rate. 
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Other variables which may have influenced the degree of sensitiza-
tion by prehydration are: (a) inadequate control of environmental con-
ditions during the transport to and from the reactor; (b) differences 
in the age of the seed-lots and (c) differences in culturing condi-
tions after transplanting from the petridishes. 
notwithstanding these differences between experiments, the pre-
sent DRF estimates did not vary by more than a factor 1.5-1.8. This 
indicates that it should ultimately be possible to obtain a fair 
reproducibility of the degree of sensitization to fast neutrons as 
a function of prehydration/germination time. This, however, may only 
be expected when all conditions of seed production, storage and ex-
perimentation are both favourable and rigorously standardized. 
4.7* Within-treatment correlations between characters 
4*7.1. Results 
The within-treatment coefficients of correlation (r) between the 
various characters are of interest because they are an expression of 
the kinetics of the plant's growth and development. They were calcu-
lated from the single plant data for all treatments in exps.l and 2, 
and for some characters and treatments in exp.4. Because the plants 
belonging to any one treatment were planted in rows (l row per repli-
cation) the observations were not necessarily independent and it is 
not certain that the r-values are unbiased estimates of the relevant 
correlation coefficients. However, a visual study of graphs, made by 
plotting the values for each pair of characters against each other 
for a number of treatments, gave no evidence of a replication effect 
on the pairwise relation between the character-values; no\r did the 
points appear to be scattered systematically with the position within 
rows. It is therefore reasonable to regard the r-values as a measure 
of the degree of correlation between the various pairs of characters. 
On the other hand, tests for significance were not considered Justi-
fied. 
In order to simplify the presentation of the data, the r-values 
pertaining to the series D^, Dg and Hp, which comprised many treat-
ments (doses), were averaged over 3 groups of doses by means of the 
r,z transformation^ • The (sub)lethal treatments in exps.l and 2 
are omitted from the tables as they led to disturbed distributions 
and meaningless r-value estimates. 
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The r-values of the D, series are shown in table 28; most of these 
were low. 
Table 28 : Vithin-treatment correlation coefficients relating to the 
Dj series. Per charaoter-pair: mean over 0-1 krad (a), 
2-4 krad (b), 6-7 krad (o); n=98-80 per treatment. Experi-
ment 1. 
Character 
25, d a ys 
Root length 1 
Ultimate cotyledon 
length 2 
Length 1st leaf 3 
Stem length 4 
Leaf number 5 
42 days 
Ultimate length 
3rd leaf 6 























































































Plant weight 8 
Among the seedling characters (1-5)» most r-values increased with 
doses however r,
 ot r0 c and r, K changed little, while x0 , decreas-
ed at the higher doses. Within this group of characters, the coeffi-
cients involving cotyledon length (2) were consistently lower than 
those involving length of the 1st leaf (3) which were the highest. 
Between characters 1-5 on the one hand and later characters (6-8) 
on the other hand, most coefficients either decreased with dose or 
increased up to medium doses and then decreased. However, r, g, r, g 
and rK < were negative in the control but tended towards positive 
with increasing dose. The coefficients of correlation between 2 or 3 
98. 
on the one hand and 6-8 on the other hand were fair up to medium 
doses. The same was true for r,-
 ? and r,. Q. However, at the higher 
doses, these between-group coefficients of correlation were much low-
er than among the characters 1-5* 
The r-values involving weight of the 3rd leaf (not shown) were 
very similar to those involving its length (6), as expected. Never-
theless, the coefficients of correlation between these two characters 
decreased slightly with dose, from 0.93 to 0.78. The coefficients 
Ts
 n were negative at the lower doses but positive at the higher do-
ses (cf.rc /•)} Vr g tended to decrease with increasing dose whereas 
r„ o decreased consistently. 
7»° 
In the H, series (table 29), the coefficients of correlation among 
the seedling characters (1-5) increased markedly with dose, except 
for an inconsistency in r« ,: the coefficients involving 2 were lower 
than those involving 3» which were the highest. 
Table 29 t Within-treatment correlation coefficients relating 
Hi series. Per character-pairs control (a), 1 krad 





































































































Plant weight 8 
99. 
The coefficients of correlation between the seedling characters 
(1-5) on the one hand and length of the 3rd leaf (6) on the other 
hand tended to decrease with increasing dose, although there were 
several exceptions. The degree of correlation between 1-5 and length 
of the axillary shoot (7) was particularly low and not clearly relat-
ed to the dose. In contrast, the coefficients of correlation between 
1-5 on the one hand and plant weight (8) on the other were fair in 
the control and showed a consistent decrease with increasing dose. 
The coefficients between 2 and the later characters (6-8) were not 
consistently lower than those between 3 and 6-8. 
The degree of correlation between length and weight of the 3rd 
leaf decreased slightly with dose from 0.90 to 0.82 (not in the table). 
The coefficients of correlation between the characters 6-8 were strong-
ly reduced by irradiation; r^ - was always positive, in contrast to 
th© situation in B ^ 
The r-values are shown in table 30. 
Table 30 : Within-treatment correlation coefficients relating to the 
I>2 and H2 series. 
Per character-pair: D2, mean over 0-0.5 krad (a), 1-3 krad 
(b), 6-9 krad (c) 
H2, mean over 0-0.5 krad (a), 1-2 krad 
(b), 3-4 krad (c) 









































































In D2, r increased slightly with dose up to the highest dose (9 
krad), except that at the higher doses r, ,- and r, . decreased slight-
ly, and r. ,- substantially. 
In H2, r increased up to 2 krad for all character-pairs except 
for r2 -i and x. cj these increases were only appreciable for those 
characters involving root length (l). Most r-values decreased at 3-4 
krad, especially those involving stem length (4); however, r, , and 
r, ,- continued to increase slightly. 
5*5 
The correlation coefficients involving root length (l) were gener-
ally the lowest and those involving length of the 1st leaf (3) the 
highest in both seriesj even the highest r-values were relatively low. 
Cotyledon length and length of the 1st leaf showed about equal corre-
lation with root length (x^
 2 vs. x^ _ ) , but they differed in their 
correlation with stem length (4) and leaf number (5)1 and, of the two, 
length of the 1st leaf yielded the highest values. 
Experiment^ 
The results are shown in table 31. 
Table 31 : Within-treatment correlation coefficients relating to the 
H3 series. Per character-pair: control (a), 1.87 krad (b), 
3.50 krad (c)j n=96-77. Experiment 4. 
Character 1 0 n 12 13 
(a.) .85 .27 -.10 
Leaves below 1st inflorescence 9 (b) .82 .25 -.11 .01 
(c) .09 .06 -.04 .03 
(a) .32 -.01 
Lays to flowering 1 0 (b< .10 -.17 .06 
(c) -.24 .12 .03 
(e.) -.27 
Weight of seeds/fruit 11 (*>) --35 -.11 
(c) -.46 .03 
56 non-germinating M 2 seeds 
Number of mutations (Mg) 13 
12 (b) .07 
.15 
The number of leaves below the 1st inflorescence (9) vas highly 
correlated with the number of days to flowering (10) both in the con-
trol and ot the tiodiua dose. However, this correlation wcs completely 
absent at the high dose. Both these characters showed a slight posi-
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tive correlation vith weight of seeds/fruit (ll) in the control and 
in the case of rg ,, also at the lowest dose. However, rg ,, was 
virtually nil at the highest dose and r,Q ,, had even become negative. 
Most coefficients of correlation between 9 or 10 and the fo non-germi-
nating II« seeds (12) were even lower. The values of r,, ,„ w e r e high-
er and showed a slight increase with dose. There was virtually no 
correlation between any of the preceding characters and the number of 
recessive mutations visible in the Mg (13). 
4.7«2. Discussion 
The observation that the correlations among the seedling charac-
ters generally became stronger with dose in both series of exps.l and 
2 (in E0 only up to 2 krad) suggests a negative relationship between 
these correlation values and the level of growth and development at 
the time of recording. This is supported by the fact that in exp.l 
the levels of correlation among the seedling characters were general-
ly lovrer in the more advanced D, series than in the less advanced H. 
series. Support also comes from the fact that the levels of correla-
tion between the seedling characters and both length of the 1st axil-
lary shoot and plant weight after 42 days were higher in D^ than in 
H , considering that the E^ series had considerably outgrown the Dj 
series after 42 days (table 8, p.32). 
This postulated decrease in correlation in the course of develop-
ment is plausible because the complexity of physiological interrela-
tionships increases with an increasing number of organs in the plant. 
In this respect, radiation has acted merely as an external factor re-
ducing the rate of development. 
The stage of development of the root system may also be consider-
ed in this context. The low coefficients of correlation involving 
length of the primary root in exp.2, compared to exp.l, were associat-
ed with a greater abundance of lateral and adventitious roots in exp.2 
than in exp.l. Thus, it must be concluded that the length of the pri-
mary root is progressively less related to the performance of the 
plant as the number and length of secondary roots increases. This is 
according to expectation. 
For certain pairs of seedling characters the situation was the 
reverse and the r-values decreased with increasing dose. The nega-
tive relationship between the r-values and the stage of development 
was evidently overshadowed by influences acting in the opposite direc-
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tion. The primary root, the hypocotyledon, the cotyledons and the me-
ristematic regions from which the first two leaves originate have no 
cells in common. Therefore, radiation damage must "be induced indepen-
dently in all these organs. It is logical to conclude that this fac-
tor disturbs the normal physiological coordination of their growth 
and thus reduces the r-values. 
The low levels of correlation between seedling characters (25 days) 
and later characters (42 days) at the higher doses in exp.l are at 
least partly due to similar causes. Growth and development over the 
period from 25-42 days are based on cell lines derived from undiffer-
entiated initials in the embryonic shoot apex. Because there are con-
siderable opportunities for selection among these initials, the later 
organs tend to be more normal. The correspondence between early and 
later plant performance must therefore be expected to decrease with 
dose. These relationships were doubtless further complicated both by 
the transfer (after 25 days) from vermiculite to a liquid medium and 
by the complexity of events governing the moment of initiation of 
axillary shoot growth. In this connection it is according to expecta-
tion that the coefficients of correlation between seedling characters 
and either ultimate length of the 3rd leaf or length of the 1st axil-
lary shoot were lower than between the seedling characters and plant 
weight, because this last character includes the weight of the early 
organs and is insensitive to the moment of growth initiation of indi-
vidual organs. 
The sharply decreasing levels of correlation between various cha-
racters at 3-4 krad in H2 (exp.2) were probably associated with the 
small amount of growth in these treatments due to both the high doses 
and the sub-optimal growth conditions. The strong decreases in the r-
values involving 'stem1 length are explained in this way, because, 
with little growth of the stem proper, this character is determined 
chiefly by the length of the hypocotyledon. The hypocotyledon length-
ens mainly by the radioresistant process of cell elongation, and its 
length cannot be expected to be strongly correlated with root- or 
cotyledon length, which both depend largely on cell division. This 
difference also explains the decreasing correlation between stem length 
and leaf number at high doses in both series of exp.2. 
The fact that, among the seedling characters, the r-values in-
volving cotyledon length were lower than those involving length of 
the 1st leaf (except for the correlations with root length in exp.2) 
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is explained by the fact that the cotyledons had attained their ulti-
mate length at the time of observation. Consequently, their influence 
on both the later growth of roots and leaves, and on the initiation 
of new ones, was either constant, or diminishing due to senescence. 
The observation that cotyledon length and length of the 1st leaf did 
not differ consistently in their coefficients of correlation with the 
characters recorded after 42 days (exp.l) may be explained by assum-
ing that, at this later stage, both the cotyledons and the 1st leaf 
had lost importance in determining further plant growth. 
The coefficients of within-treatment correlation between certain 
seedling characters and later characters in the D, series (but not 
the H. series) of exp.l showed a maximum at medium doses. This fact 
is thought to be related to the observed peak in axillary shoot length 
at a medium dose in D, (cf.fig.12, p.36). Such a relationship is not 
impossible because axillary shoot length after 42 days was governed 
predominantly by the moment of growth initiation of this shoot. Conse-
quently, this character constitutes a sensitive measure of differ-
ences in the rate of development of plants within a treatment. This 
'sensitivity', and hence the level of correlation with other charac-
ters, increases with an increasing proportion of plants having an 
axillary shoot length greater than zero, and was therefore the great-
est at medium doses in D^. 
However, the observation that the levels of correlation between 
ultimate length of the 3rd leaf and both length of the 1st axillary 
shoot and plant weight were generally lower in D1 than in ^  does not 
correspond with this trend. This apparent discrepancy was undoubtedly 
connected to the very low and in some cases even negative coefficients 
of correlation between ultimate length of the 3rd leaf and several 
other characters in 1^. A negative relationship was unexpected and 
no ready explanation offers itself, except that it may have been caus-
ed by the transfer from vermiculite to a liquid medium after 25 days. 
In particular, the growth of the 3rd leaf may have been inhibited re-
latively severely in those plants that were the most advanced at the 
time of transfer. 
The high levels of correlation between length and weight of the 
3rd leaf are obvious. The reduction in this correlation with increas-
ing dose suggests a partial disturbance by radiation of the relation-
ship between the 3 dimensions of the leaf. This interpretation is sup-
ported by unpublished data ( 3 ° ' showing that radiation causes a much 
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greater percentage reduction in leaf length and width than in leaf 
thickness. Considering that such a disturbance operates within one 
organ it is only to he expected that it will be more important for 
the relationship between different organs, as suggested earlier. 
To summarize the foregoing discussion of exps.l and 2, the levels 
of Bimple within-treatment correlation between quantitative somatic 
characters tend to decrease 
(1) with advancing stage of development at the time of recording 
(2) with increasing genetic and non-genetic radiation damage, especial-
ly when the characters studied concern organs derived from different 
initials 
(3) with increasing interval between the dates of recording 
(4) with increasing time lapse between the moment when one of the cha-
racters has reached its ultimate value at the date of recording, 
assuming that the value of the other character is still increas-
ing 
(5) at early stages of growth, especially in the case of organs of 
which the initial growth is determined by cell elongation indepen-
dently of cell division (hypocotyledon, cotyledons), or of which 
the moment of growth initiation is very variable 
(6) under sub-optimal conditions of culturing 
(7) by a change in culturing conditions, especially if this affects 
one character more than the other. 
Radiation may increase the degree of within-treatment correlation 
if the effects of radiation on one character (e.g. rate of leaf dif-
ferentiation) exert a direct influence on the second character (e.g. 
the moment of growth initiation of axillary shoots). Radiation may 
therefore be used as an external factor to identify causal physiologi-
cal relationships between developmental characters. 
The low coefficients of correlation in exps.l and 2, and similar 
findings in Arabidor>sis^ ' , warranted the expectation that the levels 
of correlation between seedling characters and characters of the gen-
erative stage would be particularly low. This is borne out by the low 
levels of correlation between late somatic R^ characters and both 
weight of seeds/fruit and M0 characters in exp.4. In view of this, 
the earlier suggestion of Verkerk and Contantv '' that fertility re-
duction after neutron irradiation is chiefly of physiological origin 
cannot be maintained. 
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Despite the very low correlation levels in exp.4, several trends 
merit discussion. Because the plants were grown during late summer, 
in a temperature-regulated glasshouse, fluctuations in light intensity-
caused a fairly large variation in leaf number before flower initia-
tion, and concomitantly in the number of days to flowering. In so far 
as this component of variation was not associated with inherent dif-
ferences in plant vigour, or was able to overcompensate such differ-
ences, it was expected to cause a positive correlation with weight of 
seeds/fruit and possibly with M^ seed germination, because a higher 
leaf number provides in the absence of differences in leaf size a 
larger photosynthetic apparatus for fruit and seed development. Such 
a positive relationship was observed in the control while it also 
predominated after the lower dose. Although it doubtless also played 
a role after the high dose, the much lower r-values, some of which 
even had a reversed sign, suggest that, at this dose, the variations 
in leaf number and flowering time were determined mainly by reduced 
plant vigour resulting from genetic disturbances. In other words, 
the coefficients of correlation between the somatic M. characters and 
either weight of seeds/fruit or the $ non-germinating M« seeds in the 
irradiated treatments, wore probably the resultant of two relation-
ships acting in opposite directions. There was a weak positive one 
due to environmental factors and a weak negative one resulting from 
genetic disturbances to the somatic tissues. It is probable that not 
only the positive but also the negative relationship is due to maternal-
physiological factors, because vegetative tissues and reproductive 
cells are generally derived from different initials and genetic aber-
rations in these two kinds of tissues would therefore be unrelated. 
This is supported by the observation that the levels of correlation 
between the somatic K. characters and the $ non-germinating M2 seeds 
were even lower than between the somatic M, characters and weight of 
seeds/fruit. Because weight of seeds/fruit and, to a minor degree, also 
the $ non-germinating M2 seeds were influenced by physiological fac-
tors, it is impossible to decide the extent to which the slight in-
crease with dose in the negative correlation between these characters 
was caused by maternal effects on both characters or by a slight ge-
netic relationship. 
A correlation between the somatic M, characters and the fo recessive 
mutant seedlings was virtually lacking. This fact demonstrates unequi-
vocally that genetic disturbances causing somatic M. effects have 
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little, if any connection with the presence of recessive mutations 
transmitted by the seed. The genetic events leading to M. seed set 
reduction were only slightly correlated with those leading to non-
germinating M2 seeds and virtually unrelated to the presence of re-
cessive mutations detectable in the Mp. This last point confirms an 
earlier deduction (section 4.3.2, p.69) and has also been demonstrated 
in preformed tillers of X-irradiated barley' , 7 ° \ in X-irradiated 
rice^11', in X- and EMS-treated peas^191' and Arabidopsis'124'1^). 
This mutual independence of fertility level and the frequency of re-
cessive 'visible' mutations has also been shown for EMS-treated toma-
to seeds except among the earlier germinating seeds^ ' and is con-
firmed recently for this species after y- and fast neutron irradiation 
of several ontogenetic stages, viz. PMC, pollen, both gametes after 
pollination, and dry seeds*55'. The yield of mutations for quantita-
tive traits was also found to be independent of the degree of K. fer-
tility' ' • Such independence may, of course, only be expected 
if all inflorescences studied within a treatment are derived from 
initials which do not differ in sensitivity in respect of the induc-
tion of both sterility factors and recessive point mutations^ '. 
This condition must have been approximately fulfilled in the present 
experiments, because the K, seeds were selected for evenness of size 
and homogeneous appearance and only the main shoot was studied (1st 
and 2nd truss separately). 
The practical implications of these findings will be discussed in 
section 5.2 (p.110). 
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5. GENERAL DISCUSSION A1TD PRACTICAL CONCLUSIONS 
5.1. Parameters In dosimotry 
The data of section 3«7 have clearly shown the Importance of cor-
recting fast neutron doses on the basis of the C, H and 0 contents of 
the irradiated specimens. It is current practice to use the atomic 
composition of the whole embryo for making these corrections^" '" . 
Unavoidably, this procedure is very crude, because the impact of ra-
diation on the growth of the organism is determined predominantly by 
the energy absorbed in the apical zones and these constitute but a 
fraction of the total mass of the embryo. However, no suitable tech-
niques are at present available which allow the determination, with 
good accuracy, of the water content and the atomic composition of 
specifically the cells in the shoot and root apices. Furthermore, it 
has become clear that the real problems in dosimetry are at the intra-
cellular level and require complex biophysical approaches. For a long 
time to come, these problems can only be studied using the most simple 
(197) 
biological systems, notably phages^ '". Consequently, it is not jus-
tified at this stage to spend a great effort at obtaining more precise 
estimates of atomic composition at the tissue level than those avail-
able at present. 
Rather is it worthwhile to devote attention to the cellular and 
histological constitution of the embryo and its apices. The results 
of section 4.5 have shown that dry seeds of two cultivars which re-
ceived equal rad doses differed in radiation sensitivity in a manner 
which suggested that the size of the shoot apex is the main factor in-
volved, the greater apex conferring a greater radiation resistance. 
Neither the amounts of energy absorbed per cell nor the factors'nuclear 
volume' or 'chromosome volume', which provide the highest degree of sim-
ple correlation with sensitivity when species of different taxa are 
compared^116'147'172'1 » appear to explain the differences. 
The data of section 4.6 have demonstrated that in seeds prehydrat-
ed/germinated for various lengths of time the relative absorbed doses 
accounted for only a small fraction of the observed differences in 
neutron effectiveness. On the other hand, in contrast to the above 
comparison of dry seeds of different cultivars, the parameter 'amount 
of energy absorbed per cell (or per meristem)1, estimated from the 
weights per embryo, explained 13-305& of the differences in neutron 
effectiveness associated with prehydration. Because, according to 
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(192) 
Whaley* , nuclear size increased more rapidly during germination 
than did cell size, it is possible that a larger proportion of the 
increase in effectiveness could have been associated with the factor (172) 
'energy absorbed per nucleus1, as proposed by Sparrow et al.v '. 
Undoubtedly, the situation is complicated by the involvement of vari-
ous other factors, and these are all confounded and difficult to eva-
luate. Such factors are: differences in the rate of swelling of dif-
ferent cell components, increases in the mobility of intracellular 
structures, molecules, ions and radicals and concomitant increases in 
metabolic activity, transition through the successive stages of the 
cell cycle (including D1TA synthesis), and resorption of endosperm 
substances. Further complications are caused by the multicellular 
nature of the embryo and the interactions between its cells. 
Progress in the analysis of the sensitization by prehydration re-
quires, therefore, the determination of changes at the biochemical, 
ultrastructural, cellular and tissue levels. This is clearly a for-
midable task. In principle, with increasingly profound knowledge at 
each of these levels, all differences in sensitivity may ultimately 
be reduced to matters of biophysics and dosimetry. At present, it is 
unlikely that multicellular organisms can make a substantial contri-
bution to the major advances in this field. 
5.2. Choice of treatments and within-treatment selection in K. 
After neutron irradiation, most seedlings with grossly disturbed 
apical meristems are unable to produce leaves within the first 2 weeks 
after sowing and can be eliminated at an early stage. This is of prac-
tical importance because apical meristems may regenerate from more 
resistant cells and such cells are likely to contain lower frequencies 
of mutations. 
More refined criteria are available to evaluate the mean effecti-
veness of radiation in the lower dose ranges. Among the seedling cha-
racters, average root- and cotyledon length (to be converted to cumu-
lative growth), until fairly high doses, generally yield the most di-
rectly proportional response to radiation. Root length, recorded a 
few days after germination (see p.27), allows a particularly early 
evaluation of radiation effectiveness. Confounding with germination 
delay must be avoided by recording the root lengths in each treatment 
at a fixed number of hours after the moment of 5C$ germination. The 
recording at a fixed number of hours after the germination of each 
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seed is a still more accurate procedure, which is too laborious in 
routine work, but is of interest for studying the within-treatment 
relationship between mutagen-induced germination delay and growth re-
duction. 
The use of cumulative cotyledon growth (not cotyledon length, see 
p.62) as a criterion of radiation damage permits direct sowing in 
soil and easier measuring. Eecording as early as 12 days after sow-
ing was shown to yield representative results without correction for 
germination delay. It must be stressed, however, that germination de-
lay must not be disregarded after treatment with low-LET radiations 
and with certain chemical mutagens. This difficulty is best avoided 
by measuring cotyledon length at a time when growth of this organ 
has virtually ceased in all treatments. 
The dose/response relationships for cumulative root- and cotyledon 
growth also show the highest degree of correspondence with those for 
weight of seeds/fruit and mutant frequency. In principle, this allows 
the prediction of the latter characters from the former, provided that 
the quantitative relationships between these characters are constant. 
However, the genetic events leading to the inhibition of somatic cell 
division and hence to reduced organ growth, are not the same as those 
involved in fertility reduction, nor are they connected with recessive 
mutations (see p.105). Therefore, the quantitative relationships be-
tween these characters may differ when different objects, pretreat-
ments or mutagens are involved. This was demonstrated by the differ-
ence in the relative proportions of the various radiation effects be-
tween two cultivars (section 4.5) and by the pronounced shift in these 
proportions with increasing duration of seed prehydration (section 
4.6). Consequently, the evaluation of radiation effects at an early 
VL stage find its main applications in enabling the repetition of 
neutron irradiation treatments with the same aaterial under comparable 
conditions, for instance with a view to mutation induction, and, pos-
sibly, in the biological monitoring of neutron irradiation facilities. 
This, of course, presupposes a good reproducibility of the radiation 
responses under a given set of conditions (see section 5«3). 
The use of species other than barley for the biological monitoring 
of neutron irradiation facilities is recommended by the IAEA*' '"'. 
The tomato would in principle be suitable for this purpose because it 
is a dicotyledonous species and is therefore in many respects comple-
mentary to barley, and because its radiation sensitivity is not too 
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high. The relatively small size of tomato seeds may constitute an ad-
ditional advantage in certair applications, although, in the Standard 
Heutron Irradiation Facility designed and distributed under the aus-
pices of the IAEA, the geometry of the larger "barley seeds is satis-
* * (20) factoryx • 
Superimposed on the question of choosing the desirable treatments 
is that of the selection of plants within treatments if the aim is 
mutation induction. The practical conclusion which emerges from the 
discussion of the within-treatment correlations (section 4»7) is that 
selection within a treatment on the basis of any M, character has no 
effect on the frequency of recessive mutations. This precludes the 
possibility of increasing the frequency of this type of mutations by 
selection in 11^, On the other hand, all badly growing or less fertile 
plants can be eliminated without any noticeable reduction in mutation 
frequency. This procedure, in addition to having practical advantages, 
also decreases the frequency of undesirable genetic side-effects, such 
as reduced fertility or seed inviability transmitted to the offspring. 
These findings add considerably to the efficiency of mutation induc-
tion when used for plant breedingv'55'69»70»86»124»155»195). 
It must be emphasised, however, that preselection for high M- fer-
tility is appropriate only when progress in mutation breeding is sought 
by means of micro-mutations or recessive mutations with major expres-
sion. For genetic improvement which relies on the production of chromo-
somal rearrangements, the reverse procedure, i.e. the selection of 
partially sterile individuals is indicated^ 5'. 
5«3» Reproducibility 
Although the neutron effectiveness estimates in the present expe-
riments do not provide a measure of the limits of reproducibility, due 
to differences in experimental conditions, a study of their variation 
should nevertheless give a good indication of these limits. To this 
end, the ED^'s and regression coefficients for various characters in 
the dry seed irradiation series of exps.l, 3 and 4 are shown together 
(table 32). The data of exp.2 are omitted in view of the discrepancies 
caused by sub-optimal conditions (see p.53). 
The SD-Q'S relating to the seedling characters correspond reason-
ably well, except for the low value for cumulative cotyledon growth 
in exp.4. The ED- *s or regression coefficients relating to weight oi 
seeds/fruit vary by ca 20% between experiments. The regression coef-
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Table 32 : Estimated Ella's (krad DH 2O) and regression coefficients on 
dose, b, for various characters in different experiments. 
Para- Character Experiment number and cultivar 
meter 
ED_0 Cumulative cotyledon growth 
5
 Leaf number, 19 or 25 days 
Length 1st leaf,19 or 25 days 
Ult.length 2nd or 3rd leaf 
Weight of seeds/fruit 
b Weight of seeds/fruit 
$ non-germinating seeds (M_) 
io sublethals (M2) 
fo mutant seedlings (M2) 
$ all aberrant categories (M?) 

















































16.6 18.5 19.8 
x estimate based on linear regression 
ficients pertaining to the various M2 categories analysed separately 
show considerable variation between experiments (50-100$ of the lowest 
value) but those relating to the total of all aberrant M~ categories 
vary between the fairly narrow limits of 4.1 and 5.2 (30$). Tho^e for 
the estimated 'total of all aberrations in sporogenic cells* (cf.p.74) 
vary only between 16.6 and 19.8 (16$). 
These findings support the earlier suggestion (p.70) that there is 
a certain degree of complementarity in the percentages M, fertility 
reduction, non-germinating M« seeds, sublethals and mutant seedlings. 
In the present comparisons (dry seeds), the large variation in the re-
gression coefficients pertaining to the various aberrant M„ categories 
separately is undoubtedly due chiefly to an element of chance in the 
fate of chromosome aberrations. The regression coefficients for the 
io mutant seedlings are furthermore influenced by the fact that only a 
small proportion of all recessive mutations have a visible expression. 
There are thus difficulties in obtaining reproducible estimates 
of the effectiveness of radiation on the various aberrant M„ categories 
separately. To overcome these difficulties, large numbers of M. plant 
progenies, tested in replications, would be required. 
A much higher level of reproducibility is achieved when compari-
sons are based on either the total of all aberrant M„ categories or 
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the 'total of all aberrations in sporogenic cells1 (including the ef-
fects of radiation leading to fertility reduction, see p.74)» The dis-
advantage of this procedure is that possible differences in spectrum 
are ignored. 
In conclusion, the present data justify the expectation that a 
rigorous standardization of material and procedures should lead to a 
reproducible overall genetic response to fast neutron irradiation 
treatments and consequently to a useful degree of predictability of 
this response on the basis of average M, seedling performance. The 
importance of using optimal culturing conditions, and of avoiding 
transplanting shocks, must be stressed in this connection, especially 
because unfavourable conditions in the II, have a much stronger in-
fluence on the dose/response relationships (and hence the radiation 
sensitivity estimates) relating to the somatic M- characters than on 
those relating to the Mp characters. 
5.4» Choice of stages and types of radiation for mutation breeding 
Stage 
Past neutron irradiation of dry seeds causes a relatively slight 
impairment of vegetative growth and development but has severe effects 
on M^ fertility. This relationship was shown to be greatly altered 
when seeds are irradiated during germination (section 4.6). Pregermi-
nation leads to a much stronger sensitization with regard to seedling 
growth reduction than with regard to IL fertility reduction. It also 
causes a shift in the relative occurrence of non-germinating M2 seeds, 
sublethals and mutant seedlings, towards greater proportions of non-
germinating seeds. These findings, which are discussed on p.84-94» im-
ply that dry seeds are more efficient (as defined on p.4) for the pro-
duction of recessive 'visible' mutations by irradiation than are pre-
(33) 
hydrated or germinating seeds. Contant et al. ' have shown that dry 
tomato seeds are also much more efficient for this purpose than pollen 
mother cells, dry pollen or both gametes after pollination. For these 
reasons, and because of the practical advantages of dry seeds over pre-
hydrated seeds or flowering plants, dry seeds are unquestionably the 
most suitable stage for the production of recessive mutations with 
visible expression. 
Host recessive mutations are known only by their phenotypic ex-
pression and their molecular-structural nature is unknown. As a re-
sult, the relationship between their phenotype and their nature cannot 
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be clarified. Nevertheless, the existence of such a relationship can 
be inferred from various data. Several authors, using different plant 
species and different types of radiation, have found an increase in 
the proportion of sublethal and lethal recessive mutations with in-
creasing dosG^ 5 5 , 5 4 , 5 4 , 7 5 , 1 2 1\ Gladstones and Francis^75' have ob-
served higher proportions of lethal mutations after irradiation of 
seeds at high moisture contents than at low contents, at comparable 
mutation frequencies. These spectral shifts strengthen the opinion 
that most if not all visible recessives are small structural changes 
(see p.94) and also suggest that the differences in the degree of 
phenotypic disturbance are at least to some extent related to the 
•size1 of the changes at the chromosomal level. This interpretation 
is clearly supported by the increasing proportion of non-germinating 
seeds with increasing prehydration time in the present experiments. 
Consequently, the present conclusion on the high efficiency of 
dry seeds is almost certainly true for the induction of recessive 
mutations in general, and especially for the induction of 'micro-
mutations'. 
As a corollary to this conclusion, prehydrated seeds are probably 
preferable to dry seeds for the induction and isolation of drastic 
chromosome aberrations. 
Contant et al. ' have found that, in tomato, at a given frequency 
of recessive 'visible' mutations in the M0, fast neutron irradiation 
of dry seeds leads to a higher percentage t^ fertility reduction (i.e. 
a greater load of more severe aberrations) than irradiation of both 
gametes. Gaul^ °' found a similar relationship after X-irradiation of 
dry seeds and zygotes of barley. When these findings are connected to 
the present results it can be concluded that irradiation of prehydrated 
seeds leads to a considerably higher ratio of severe chromosome aber-
rations to recessive 'visible' mutations, in the generative stage of 
the I-L, than does irradiation of both-gametos or zygotes. This is ex-
plained either by a difference in the aberration 'spectrum' at the 
cellular level, or by a less effective elimination of fertility-reduc-
ing damage after irradiation of prehydrated seeds than after irradia-
tion of gametes and zygotes. In the absence of evidence in favour of 
the former possibility, the latter is preferred. This then suggests 
that the multicellular nature and the advanced developmental stage of 
the embryo permits a considerable mutual assistance between affected 
cells. It should be remembered that, within a treatment, the occur-
rence of recessive 'visible' mutations is virtually unrelated to the 
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presence of dominant and haplophasic lethal damage (see p.106). Al-
though persistent, drastic chromosome aberrations have been observed 
in tomato both after irradiation of prehydrated and dry seeds^ ' 
and after irradiation of both gametes^ ', the above relationships 
indicate that germinating seeds are, of all stages mentioned, the most 
useful for the isolation of such drastic aberrations. 
The present study was concerned exclusively with fast neutron ir-
radiation. In many respects, the results cannot be extrapolated to X-
or Y-radiation. ITeutrons produce, relative to X- or y-rays, (i) more 
uniform biological effects'10'21'25'56*117), (ii) a higher rate of 
survival and a lower rate of seedling injury for a given reduction in 
pollen fertility^10', in seed set( 5 6 , 1 1 7 , 1 4 9\ and in the frequency 
of interchanges and fragmentsv * ?), (iii) a greater effectiveness 
for the production of cytologically detectable chromosome aberrations 
*>"' and (iv) a lesser dependence upon environmental factors (see p.2). 
For instance, the response of dry seeds to neutrons is not or slightly 
influenced by their water content^ '»3°»5 i1*2)( whereas with X-radia-
tion a marked influence of water content must be expected. Usually, 
the X-ray sensitivity is relatively high in very dry seeds and de-
creases with increasing moisture contentj a minimum sensitivity is 
reached at a moisture content which is fairly constant for a given 
species but which varies between species^ ^ '• above this water con-
tent, the sensitivity
 iaoreaBeB(75,99,114f126f132fU2,148)> A l s o v i t h 
prehydration of seeds, the sensitivity to X-radiation increases more 
markedly than that to neutrons(55,56,104,169)# 
These facts are attributed chiefly to a lesser damage to extra-
chromosomal elements ('physiological damage1) with neutrons than with 
X- or Y-rays, due to the high average LET of the former^25'5°*1^2 \ 
In these respects neutrons have advantages over low-LET radiations, 
because reproducible results may be obtained with a less rigorous con-
trol of external factors. 
Because of their high effectiveness (as defined on p.4) in pro-
ducing drastic chromosome aberrations, fast neutrons lead to a lower 
ratio of mutations to fertility reduction than X- or Y- radiation 
132»74;4 These latter radiations, however, lead to relatively large 
and irregular incidences of early lethality, loss in vigour ('Y-plant-
lets') and non-flowering. The overall consequence is, that the maximum 
attainable mutation frequencies do not differ greatly between neutrons 
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and X- or Y-radiation'55'57). 
The greater amount of sterility associated with induced recessive 
mutations after neutron irradiation is not an important disadvantage 
because most of it may be eliminated by selection for high fertility 
in 11.^ , owing to the virtual absence of a correlation between the de-
gree of 1L sterility on the one hand and the likelihood of the pre-
sence of recessive mutations on the other hand. 
Considering only the recessive 'visibles' obtained with both types 
of radiation, their overall phenotypic spectra do not differ greatly 
U 7 » 4 ) 9 ku-fc indications of specificity for certain loci have been 
obtained by several authors and are reviewed by Gustafsson^ ^'. llybom 
*
 4 5
' found no differences in the distribution of viability and yield-
ing capacity between mutations induced by neutrons and X-rays but his 
material was too limited to generalize this finding. Therefore, a sa-
tisfactory evaluation of differences between radiations in respect 
of mutagenic efficiency or mutation spectrum, especially for those 
qualitative and quantitative traits desired in plant breeding, is not 
yet possible. 
This evaluation is complicated by various factors. Firstly, few 
recessive mutations are directly beneficial in homozygous condition 
but may become so in an altered genetic background, i.e. after cross-
ing with other genotypes. Secondly, recessive mutations are not the 
only changes from which practical benefits may be derived^ -*'. Chro-
mosome rearrangements (translocations, inversions) generally reduce 
viability and fertility in the heterozygous condition but are mostly 
without conspicuous detrimental effects in the homozygous state. 
These structural aberrations should be of great value in mutation 
breeding, because they enable a considerable reshuffling of the ge-
netic material by intercrossing followed by inbreeding and selection. 
Whereas X-radiation could be the more favourable for the induction 
of certain kinds of recessives, the use of neutrons is certainly in-
dicated for the production of translocations. 
In conclusion, it is still clearly advisable to use both high-
and low-LET radiations in mutation breeding studies. 
116. 
6. SUMMARY 
A study was mo.de of changes in fast neutron effectiveness during 
the hydration and germination of tomato seeds. The main findings and 
conclusions are the following! 
Section 3^ 6 
Samples of unirradiated seeds and their constituent parts (seed-
coat +endo sperm and embryo) were taken at short intervals up to 72 
hours after sowing, and samples of roots, hypocotyledons and cotyle-
dons from 72 to I44 hours after sowing. Their water content, dry 
weight and elementary composition (C, H, N, 0 and Ash) were determin-
ed. 
At 27 C, the water content reaches a 'plateau' after ca 20 hours. 
Further uptake depends upon the rupture of the seedcoat as a result 
of internal forces developed by metabolic processes. This post-germi-
nation water uptake is exponential until the 'saturation' phase, but 
it commences much earlier in the root than in the hypocotyledon and 
only much later in the cotyledons. This sequence corresponds with the 
time of liberation from the seedcoat. 
Appreciable changes in the dry weight of the embryo and the endo-
sperm commence ca 8 hours after 50$ germination. These comprise the 
resorption by the embryo of 75% of the dry matter of the endosperm 
(completed ca 60 hours after 50% germination) and de novo synthesis. 
At 104 hours after 50% germination, the former process has contribut-
ed 2/3 and the latter 1/3 to the total dry weight increase of the 
seedling. The increase in dry matter occurs first in the cotyledons 
(resorption of endosperm) and commences only ca 24 hours later in the 
other parts of the embryo. Approximately 56 hours after 50% germina-
tion, the dry weight of the cotyledons reaches a maximum after which 
it decreases} at this time the dry weight of the other organs in-
creases rapidly. 
The elementary composition of the dry matter is static until ger-
mination (apart from an early increase in F, by KNO, uptake from the 
medium). Subsequently, the C and H contents decrease markedly in all 
parts of the young seedling, while the IT, 0 and Ash contents increase, 
These changes commence very soon after germination in the roots and 
ca 20 hours later in the hypocotyledons. Changes in the cotyledons 
evidently commence at the beginning of endosperm resorption, but be-
come considerable only at 56 hours or more after 50% germination. 
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Section^? 
The rad doses relative to those in water (DH 2O) w e r e 0.841 in dry 
embryos, 0.886 (105$ relative to dry embryos) 24 hours after sowing, 
0.916 (109$) 48 hours after sowing, i.e. 8 hours after 50$ germina-
tion, and 0.977 (116$) 104 hours after 50$ germination. The amounts 
of energy absorbed per embryo per krad % 2 0 increased from 118 erg 
per dry embryo (100$) to 172 erg (146$) at 24 hours after sowing and 
250 erg (212$) shortly after germination; until germination, the per-
centage values also represent the relative amounts of energy per 
•average* embryo cell. 
Section_4«3 
Four irradiation experiments were performed. The shapes of the 
dose/response relationships were studied for various VL and M2 charac-
ters. 
Germination delay increases less than proportionally to the dose. 
The induced delays are probably less with 24 hours prehydration than 
with irradiation of dry seeds. These and other facts, which are dis-
cussed, indicate that non-genetic disturbances are mainly involved, 
including possible damage to intracellular membranes. Stimulation of 
germination was noted in one experiment only; possible reasons for 
the inconsistency of this phenomenon are given. Irradiation increases 
the rate of seed ageing; this is attributed to complex genetic-cyto-
plasmic interactions which are discussed. 
Under optimal conditions of culturing, the dose/response relation-
ships for all growth characters are slightly S-shaped, without evi-
dence of a true threshold; the relationships for some characters are 
almost linear over most of the do3e range. Approximately straight re-
gressions are usually obtained on normal probability paper. An appar-
ent discrepancy in the dose/response curves relating to the growth of 
those organs already differentiated in the embryo was resolved by 
showing that these curves result from at least two growth components, 
differing in radiation sensitivity. One of these depends solely upon 
the elongation of existing cells. The 'residual length1 attained by 
these organs at a lethal dose should be subtracted from the lengths 
actually measured, in order to obtain net growth. Failure to do this 
may lead to large errors in the estimation of radiation sensitivity; 
in this respect, the methods employed in the IAEA-sponsored interna-
tional programme of biological monitoring of neutron sources with 
barley seeds should be reconsidered. 
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Sigmoidal dose/response curves with a threshold are obtained for 
all quantal characters and are amenable to probit analysis. Similar 
curves are obtained for quantitative discrete characters, but the 
underlying distributions are different and probit analysis is not ap-
propriate. 
Sub-optimal culturing conditions may cause considerable exaggera-
tion of curvature and/or increased thresholds in the dose/response 
relationships. Such circumstances also lead to higher radiation toler-
ance estimates. In extreme cases, and for certain characters, in-
creases over the control may occur and these should not be confused 
with 'stimulation1 effects. Such increases were never observed under 
optimal conditions of nutrient supply and spacing. 
The characters leaf number below the 1st inflorescence and days 
to flowering show linear or upwardly curved increases with dose. In 
so far as flowering delays are not fully accounted for by the in-
creases in leaf number (at the higher doses), they can be attributed 
to delays at the earliest stages of seedling development rather than 
to an increased plastochron at later stages. 
The dose/response relationships pertaining to both weight (or 
number) of seeds/M^ fruit and the various categories of aberrant M2 
individuals (non-germinating seeds, sublethals and mutant seedlings) 
are apparently linear, except for a tapering off at sublethal doses 
in the case of weight of seeds/M, fruit. These results are discussed. 
Section^^ 
Radiation sensitivity estimates were obtained by means of SD^Q'S 
or regressions on dose. The EE^Q'S for different characters show a 
close connection to the degree of curvature and/or the presence and 
width of a shoulder in their dose/response relationships. Cumulative 
root- and cotyledon growth are more affected by radiation than are 
cumulative growth of either the 1st or 2nd leaf, all recorded after 
25 days. Whilst such data are of descriptive interest, they do not 
permit conclusions on relative sensitivities at the meristem level, 
let alone at the cellular level. Even extrapolation to other stages 
of growth is hazardous, because it is shown that the effect of a given 
dose may depend greatly upon the growth stage considered. 
With dry seed irradiation, the effects of fast neutrons (in fo per 
krad) on seeds/M, fruit are much more severe than on vegetative growth 
and development, and are moreover ca 3 times the fo increases in the 
total of all aberrant M« categories. Among the latter, the increases 
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in the fo non-geriainating seeds with dose are generally higher than 
those of the fo visibly mutated seedlings. 
The relative proportions of the various effects changed consider-
ably with prehydration; the changes were examined by means of Dose 
Reduction Factors (see 4*6 below). 
Section_4i5 
The radiation responses of 2 cultivars, 'Moneymaker1 (MM) and 
'Glorie' (GL) were compared. Seeds of GL were ca 1.14 times as sensi-
tive as those of MM. The 100-seed weight ratio GL/MM was 1.00/1.14 
and the 100-embryo weight ratio 1.00/1.15 (difference highly signifi-
cant). The size of the shoot apex probably differed to the same ex-
tent and the difference in sensitivity is attributed mainly to this 
factor. The percentage root meristem cells in G, was virtually the 
same in both cultivars. The average amount of DITA per nucleus was 5% 
lower in GL than in MM (difference insignificant). Seed prehydration 
caused in GL, compared to MM, a more pronounced sensitization with 
regard to both M^ seed set reduction and the production of non-germi-
nating Mg seeds, and a lesser sensitization in respect of the induc-
tion of recessive 'visible1 mutations. 
Section_4i§ 
The Dose Reduction Factors (DR?) associated with the various 
stages of prehydration/germination were calculated for each character. 
The DHF's relating to the seedling characters increase much more rapid-
ly with increasing prehydration time than those for late somatic cha-
racters and M, fertility. Furthermore, in the M„, the proportions of 
non-germinating seeds, sublethals and mutant seedlings are shifted in 
the direction of non-germinating seeds. 
Only a small proportion of the increases in neutron effectiveness 
(DUF-l.O) can be explained by increased rad doses. The amount of ener-
gy absorbed per prehydrated embryo relative to that per dry embryo, 
which can be considered fairly representative of the relative energy 
absorption per (meristem) cell prior to germination, accounted for 
only 13-30$ of the increase in neutron effectiveness as judged by IL 
fertility and the total of all aberrant M„ categories. Consequently, 
most of the effectiveness enhancement with prehydration, and also the 
'spectral' shift among the aberrant Mp categories, must be ascribed 
to other factors: (i) intracellular differences in water uptake and 
swelling (possibly more rapid hydration of the nucleus), (ii) in-
creases in the mobility of intracellular structures and of molecules, 
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ions and radicals, and corresponding increases in metabolic activity, 
(iii) progression through the successive stages of the cell cycle, 
and increases in cell number and (iv) resorption of endosperm sub-
stances. These various factors are discussed. 
The more pronounced prehydration sensitization with regard to the 
early, compared to the late M_ characters is attributed to (i) the 
structure of the embryonic shoot apex, which allows an increasing 
amount of replacement of damaged cells towards the centre of the me-
ristematic region, (ii) possibly a more rapid sensitization, during 
germination, of the peripheral cells of the shoot apex than of the 
more centrally located cells, owing to the more rapid onset and high-
er rates of division of the former, and (iii) a decreasing impact of 
damage to the early organs as development proceeds. 
Differences in the degree of sensitization between experiments 
are tentatively ascribed to several endogenous and external variables, 
including dose rate. It is concluded that a good reproducibility is 
attainable if all conditions are standardized. 
An. analysis of simple within-treatment correlation between various 
quantitative somatic characters has shown that r-values tend to de-
crease 
(1) with advancing stage of development at the time of recording 
(2) with increasing genetic and non-genetic radiation damage, especial* 
when the characters studied concern org&ns derived from different 
initials 
(3) with increasing interval between the dates of recording 
(4) with increasing time lapse after the moment when one of the cha-
racters has reached its ultimate value at the date of recording, 
assuming that the value of the other character is still increas-
ing 
(5) at early stages of growth, especially in the case of organs of 
which the initial growth is determined by cell elongation inde-
pendently of cell division, or of which the moment of growth ini-
tiation is very variable 
(6) under sub-optimal conditions of culturing 
(7) by a change in culturing conditions, especially if this affects 
one character more than the other. 
Radiation may increase the degree of within-treatment correlation if 
the effects of radiation on one character exert a direct influence 
on the second character. 
121. 
Both the somatic M, characters and the weight (or number) of seeds/ 
IL fruit are virtually uncorrelated with the presence of recessive 
mutations detectable in Il_. 
Section^^l 
With a view to interpreting differences in radiation sensitivity-
it is necessary to devote increasing attention to the histological 
constitution of the shoot apices of irradiated objects, and to cellu-
lar and intracellular parameters, rather than aiming at more precise 
estimates of the atomic composition at the tissue level. Whereas all 
sensitivity differences may ultimately be explained in terms of bio-
physics and microdosimetry, it is unlikely that major advances in 
this field will come from studies on multicellular organisms. 
Cumulative root- and cotyledon growth are suitable characters for 
an early evaluation of the mean effectiveness of neutron treatments 
and allow the repetition of mutagenic treatments, though only with a 
given material and under comparable circumstances. Under optimal and 
standardized conditions, tomato seeds could probably be used, in addi-
tion to barley seeds, for the biological monitoring of neutron irra-
diation facilities. 
The virtual absence of within-treatment correlation between M, and 
Mp characters allows the elimination of all badly growing and partial-
ly sterile M, plants without a noticeable reduction in the frequency 
of recessive mutations. This is of value in mutation breeding by means 
of micro-mutations. However, when chromosomal rearrangements are de-
sired, the reverse procedure, i.e. the selection of partially sterile 
individuals, is indicated. 
Section_5.j5 
A good reproducibility of neutron effectiveness estimates is pos-
sible with regard to the seedling characters, K^ fertility, and the 
sum of all aberrant M2 categories (non-germinating seeds, sublethals 
and mutant seedlings) but probably not with regard to these M« cate-
gories analysed separately. 
Section_5.4 
Dry seeds are the most efficient for the induction of recessive 
mutations. Germinating seeds are probably the most efficient for the 
production of drastic chromosomal rearrangements. 
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